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PREFACE 


This text was developed for a one semester course consisting 
of two hours of lectures and six hours of laboratory per week. 
The material is, therefore, covered in a total of thirty lectures 
and, as a result, certain eliminations had to be made. It is for 
this reason that the subject matter has been confined (with 
few' exceptions) to the higher plants, in opposition to the cus- 
tom among older texts of covering all plants. Such a step is 
logical in view of the tremendous growth of microbiology as a 
separate science and the lack of information on the physiology 
of the “macro” lower plants. Similarly, the physiological re- 
sponses of higher plants to their environment have been largely 
excluded; an advanced course on this subject is given by the 
author. Other advanced courses could logically be given on the 
individual parts of the elementary course — ^i.e., cell physiology, 
transfer of substances, nutrition, metabolism, and growth and 
development. 

The attempt has been made, on the one hand, to give the 
known facts to date and, on the other, to leave the student 
with an appreciation of the many uncertainties that still exist 
in most phases of the subject. In some places the author has 
introduced his own terminology and concepts, rather than 
retain an obviously faulty and inadequate system. Similarly, 
where two or more hypotheses exist, the author thought it 
desirable to give his own analysis on the basis of the known 
facts. Because of the varied background of students who take 
this course, some elementary physics and chemistry is included 
in the book since no physiology course of any value can be 
given without referring to basic physical and chemical prin- 
ciples. 

The author has taught the course for several years with the 
use of other texts. Much that is found in this book is, therefore, 
derived from such standard sources as Maximov, Meyer and 
Anderson, Thomas, Scarth and Lloyd, and Gortner, but the 



vi 


PREFACE 


borrowing was done critically and altered where it appeared 
necessary. For the point of view of the book, the author is to 
a considerable extent indebted to his physiology teacher and 
the guide of his earlier research work, the late Professor G. W. 
Scarth. 


J. Levitt 
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Chapter I 


THE BASES OF PLANT PHYSIOLOGY 

To some, plant physiology is of interest primarily as a source 
of basic information that can be applied practically in such 
allied fields as horticulture, agronomy, forestry, soil science, 
etc. They would prefer to study physiology as a physicist 
studies mathematics, purely as a tool to aid in attacking and 
understanding the science he is really interested in. But physi- 
ology has nowhere approached the exactness of mathematics 
and therefore cannot be taught in this way. Plant physiology 
is therefore not a satisfying study for one who must have pat 
answers to all questions. Any attempt to write a text that pro- 
poses to give categorical answers to most physiological prob- 
lems will surely, though unintentionally, lead to a falsification 
of the facts and to a complete denial of the very spirit of the 
science. 

For those with exploratory and analytical minds, plant physi- 
ology has much more than bare facts to offer. It can help them 
discover what are the problems of fife that physiology attempts 
to solve; what answers to fundamental questions are plausible, 
and what facts are already discovered, on the basis of which 
we can attempt to arrive at a reasonable hypothesis; what 
experiments are currently being performed and what experi- 
ments should be performed. To these it will give the feeling of 
privileged observers watching explorations into unknown fields 
and learning the techniques and reasoning that are being used 
to attack the unsolved problems. It should encourage them to 
examine the known facts critically; to compare them carefully 
with any conclusions reached, and if reason so dictates, to re- 
ject these conclusions; and if sufficiently inspired, to launch ^ 
attacks of their own in an attempt to add another grain of 
truth to the, as yet, small pile. 

In all fields of science both theory and experiment are im- 
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portant. The more highly developed the field, the more atten- 
tion can be paid to theory and the less to experiment, since a 
sound theory is able to predict experimental results correctly. 
In the physical sciences, theory has developed to the point 
where many natural laws have been established, e.g., Newton’s 
laws of motion, the gas laws, etc. In the biological sciences, 
theory is still in its early stages, and few natural laws have been 
established. 

In this respect, physiology has some advantages over other 
biological sciences, since its main purpose is to explain all 
biological phenomena in terms of physics and chemistry. Thus 
it inherits the laws of these two physical sciences without 
having to perform a single experiment. But this does not by 
any means free it of the necessity of turning to experimental 
evidence. On the contrary, in order to determine which of these 
laws control a physiological process, it is usually necessary to 
perform many carefully planned experiments. Since in most 
phases of physiology experimental data have not yet succeeded 
in conclusively establishing a theory, it is necessary to consider 
both the theory and the various kinds of evidence on which it 
rests. It is not, then, scientifically permissible to teach even an 
elementary physiology course in the same cut-and-dried fashion 
that a course in the physical sciences can be taught. This, how- 
ever, has the advantage of exposing the student not only to 
the precepts of science but to its methods as well. Consequently, 
a well-taught course in physiology may quite conceivably give 
a better insight into science than what are usually considered 
well-taught courses in physics and chemistry. 

In all fields of physiology, then, there are two main sources 
of information: (1) physical and chemical laws and (2) direct 
experimental evidence. Only when these two soiuces of in- 
formation lead to the same conclusion can we be fully con- 
fident of our conclusions. In many cases, however, physical or 
chemical laws by themselves clearly indicate which of several 
conclusions are plausible and which are impossible. Two such 
laws that are particularly useful to the physiologist are the first 
and second laws of thermodynamics. According to the first law, 
energy cannot be destroyed or created, but is simply converted 
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from one form to another. It is, of course, now known that 
energy can also be converted into mass and vice versa, but this 
fact has no bearing on physiological phenomena, since the 
amounts of energy involved would yield immeasurably small 
increases if converted into mass; and, of course, no conversion 
of mass to energy can occur at physiological temperatures (in 
the case of the stable isotopes normally found in plants). This 
means that energy-consuming processes such as growth must 
be fed by energy-releasing processes such as respiration. The 
quantities released by the latter must be at least equal to the 
quantities consumed by the former. 

The second law of thermodynamics is particularly applicable 
to physiology, since it deals with the kind of energy that is 
available to do work, so-called free or available energy. Accord- 
ing to this law, the heat energy of one system allows it to do 
useful work on a second system only if the first is at a higher 
temperature than the second. And this law can be applied to 
all other kinds of energy. There are many cases in the following 
chapters where this law is made use of. It will be seen that no 
substances can move into a cell of themselves unless they are 
present in higher activities (i.e., concentrations) in the medium 
than in the cell. Thus the laws of diffusion follow naturally 
from the second law of thermodynamics. It is only when the 
cell expends free energy that it can absorb a nutrient from a 
medium of lower concentration (with respect to that nutrient) 
than its own; that is, the cell must then “pump” the nutrient 
into itself. According to a corollary of the second law of thermo- 
dynamics, free energy tends toward a minimum. This explains 
the fact that many substances tend to concentrate at surfaces 
(a phenomenon known as adsorption), for in so doing they re- 
duce the free surface energy. Thus adsorption follows from the 
second law. 

Other physical and chemical laws can be similarly applied 
in order to aid our understanding of physiological processes. 
But care must be taken in applying physicochemical principles 
to plants. Anyone with the merest rudiments of physical knowl- 
edge is certain to explain frost injury of plants as due to cell 
rupture, for everyone knows that water expands on freezing. 
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Yet experiment has shown that not only does no cell rupture 
occur on freezing, but the cell actually contracts because of 
ice formation in the intercellular (air-filled) spaces at the ex- 
pense of water drawn out of the cells. This does not mean that 
the plant changes the physical properties of water. It means 
that other properties of water, besides its expansion on freezing, 
must be considered in order to explain the behavior of plants 
on freezing. Which ones must be applied can be discovered only 
by experiment. By this method physiologists succeeded in dis- 
covering that the plant actually does “pump” substances into 
itself instead of waiting for them to diffuse in. Unfortunately, 
in spite of the yeoman service of physiologists, much experi- 
mental work remains to be done before we can hope to under- 
stand most physiological processes. Consequently, most of them 
can be only somewhat superficially discussed in the light of the 
incomplete evidence that is available, and it must always be 
remembered that the explanations are only working hypotheses 
whose main purposes are (1) to describe the known facts and 
(2) to predict the plant’s behavior. These predictions point to 
the direction in which further experimental work must be 
pushed. 


Chapter 2 


THE LIVING CELL 


The cell is both the functional and structural unit of the 
plant, Just as the molecule is the basic unit of a chemical sub- 
stance. Even the nonliving cells usually have definite physio- 
logical functions. For instance, the living cells obtain a good 
share of their raw materials (minerals, water, etc.) by transport 
through such dead cells (vessels and tracheids). But since the 
life processes take place in living cells, it is primarily these that 
must be studied to understand the physiology of the plant. 

How, then, can we distinguish between living and nonliving 
cells? Sometimes it is necessary only to observe streaming 
movement in the cytoplasm to know that a cell is alive. This 
movement in one direction should be clearly distinguished from 
Brownian movement, which is a haphazard oscillation about 
a given point and occurs Just as readily in nonliving as in 
living systems. Another method is by vital staining (Fig. 1), 



Fig. 1. Onion epidermis cell vitally stained with neutral red. The 
region occupying most of the cell is the stained vacuole (also called the cell 
mp). The unstained, granular, terminal caps are the cytoplasm, 
lateral cytoplasm is so thin a layer as to be all but invisible. Only 
plasm and nucleus (not seen in the diagram) are alive. 


that is, staining that involves the accumulation of 
living but not by dead cells. Many basic dyes (salts of a 
base and an inorganic acid), such as neutral red and 
blue, can be accumulated in the vacuoles of 
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weak solutions (e.g., 0.001 per cent). Dead cells never show 
this kind of staining and living cells lose it when killed. Some 
acidic dyes can stain living cytoplasm, though this usually 
leads to injury. A third characteristic of hving cells is that they 
can be plasmolyzed. If a living cell [Fig. 2 (1)] is placed in a 
weak solution it may expand because of uptake of water [Fig. 
2 (2)]. If transferred to a moderately strong solution, e.g., about 
10 per cent sugar [Fig. 2 (3)], it shrinks and plasmolysis occurs. 

s 

( 1 ) 

E3 

(3) 

Fig. 2. Behavior of a living cell originally 10 units long in solutions of 
different concentrations. (1) 9% sugar (slightly hypotonic), (2) 2% sugar 
(hypotonic), (3) 10% sugar (hypertonic), (4) 20% sugar (hypertonic). 
Isotonic sugar solution between 9 and 10%. Plasmolysis in (3) and (4). 

Transfer to a still stronger solution [Fig. 2 (4)] fails to cause 
any further shrinkage of the wall, though the plasmolyzed 
protoplast contracts still further. If transferred back to a 
weak solution, the protoplast expands (it deplasmolyzes) to the 
size it originally possessed in that solution. If the cell shrinks 
to its minimum size with little or no plasmolysis when placed 
in a solution, this solution is isotonic (of the same strength as 
the cell sap). Solutions that cause plasmolysis are hypertonic, 
those that fail to produce any trace of plasmolysis are hypo- 
tonic. If the cell wall is cut during strong plasmolysis and the 
cell is then transferred to a weak solution, the protoplast may 
actually swell enough to come completely out of the wall 
(Fig.3). 

Thus it is possible to release the inside of a cell from its sur- 
rounding wall. The empty wall shows no signs of life, but the 
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Fig. 3. Method of obtaining free protoplast. (See Levitt, Scarth, and Gibbs.) 

(1) Onion cell is plasmolyzed in 20% sugar then cut with a razor blade. 

(2) Open cell. (3) Protoplast swelling in 10% sugar. (4) Empty cell wall 

and spherical free protoplast. 

freed protoplast will expand in weak solutions and contract in 
strong solutions (Fig. 4) just as in the case of the intact cell. 
Obviously, even the living plant cell consists of a nonliving part 
(the cell wall) and a living part (the protoplast). The protoplast 
itself consists of a protoplasmic layer surrounding a vacuole, 
and since some living cells exist without any vacuoles, the 
protoplasm is the only essential component of a living ceil. 
Yet the nonliving cell wall and vacuole have pronounced physi- 
ological significance, since they markedly affect the protoplasm, 
e.g., its water content, growth, etc. 

Nevertheless, the most important part of the ceil to the phys- 
iologist is the living protoplasm, for here are synthesized all 
the multitude of organic chemical substances found in the 
plant. Some of the substances are also broken down to simpler 
ones in the protoplasm. In the former case energy is absorbed, 
in the latter it is released. In order for such syntheses and break- 
down reactions to occur, the plant must be able to take up 
gases from the air, as well as water and minerals from the soil, 
and to give off waste gases. These processes are dealt with in a 
branch of physiology that may be called transfer of substances. 
The minerals required are so numerous and important that they 
are studied in a branch of physiology called mineral nutrition. 
The syntheses and breakdown reactions form another branch 
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called metahoUm. If all these three branches of physiology are 
understood, we are then in a position to study the growth and 
development of the plant. But it should be realized that though 
such a subdivision of plant physiology into four branches is 
convenient for purposes of study, all the processes are inter- 
related and take place simultaneously in the plant. 

Since these branches of physiology depend, in the last analy- 
sis, on the properties of hving protoplasm, they ca,nnot be 
adequately dealt with until the physics and chemistry of proto- 
plasm are understood. The gross analysis of protoplasm is 
possible in the case of animals and of some lower plants (e.g., 
slime molds) which sdeld masses of protoplasm without cell wall 
or vacuole (Table 1). 


Table 1: Generalized protoplasmic analysis 
[Adapted from Sponsler and Bath] 



Per cent of 

Approximate relative 

Substance 

fresh weight 

number of molecules 

Water 

85-90 

18,000 

Proteins 

7-10 

1 

Fatty substances 

1-2 

10 

Other organic substances. 

...... 1-1.5 

20 

Inorganic ions 

...... 1-1.5 

100 


Of course, this does not mean that it would be possible to 
synthesize protoplasm by mixing these substances in the above 
proportions. In other words, there are many essential physical 
and chemical properties of protoplasm not revealed by such 
gross analyses. If, for instance, the cell sap is mixed with the 
protoplasm by grinding up cells of leaves, fruit, etc., at least 
some of the proteins will usually coagulate. This is partly due 
to the high acidity of the cell sap. Yet this same cell sap is sur- 
rounded by the nonacidic protoplasm in the living cell. There- 
fore the protoplasm must be able in some way to maintain its 
own lack of acidity though in contact with the acid vacuole, 
as for example, by forming a barrier that keeps the vacuole 
contents from penetrating into it. 

It is not only in acidity that the vacuole differs from the 
protoplasm, but in many other chemical and physical proper- 
ties as well. Though the vacuole resembles the protoplasm in 



b 13.38 


b 11.32 


Fie 4 Deplasmolysis of onion protoplasts (a) inside cell wall (cell b 13)', 
(iyfbee f.om cell wall (cell b 11). b 13.1 and b 11.1 “ ^ 

strong salt solution; b 13.38 and b 11.32 expanded m a weak salt solu- 
tion. (See Levitt, Scarth, and Gibbs) 





Fig. 5. Electron micrograph of potato mitochondria ( X 20,000). For 
similar micrographs of plastids see Algera et al. 
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its high, water content, and in consisting of a solution of organic 
and inorganic substances, it usually does not contain proteins 
and fatty substances. Salts of organic acids and sugars are 
probably always present in the vacuole, usually accompanied 
by phenoUc substances such as tannins, or other organic sub- 
stances such as mucilages. But the vacuole contents are much 
more variable than those of the protoplasm, and therefore no 
general analysis can be given. This is because the vacuole is the 
repository of (1) any substances that accumulate in excess from 
the outside and (2) any substances produced in excess by the 
protoplasm. Heavily fertihzed plants may accumulate nitrates 
or phosphates in their vacuoles; halophytes (plants that grow 
in high-salt soils) store large quantities of sodium salts in their 
vacuoles; and as seen above vital staining with neutral red in- 
volves accumulation in the vacuole. Similarly many plants 
deposit excess calcium and organic acid as insoluble crystals in 
their vacuoles, or excess of the breakdown products of protein 
in the form of asparagine, or in the case of plants with special- 
ized metabolism, alkaloids. Some of the stored substances may 
be later reutilized (e.g., nitrates, organic acids, asparagine, 
sugars) ; others may remain permanently in the vacuoles (e.g., 
alkaloids, sodium salts). 

Physically, the protoplasm possesses visible structure as op- 
posed to the optical homogeneity of the vacuole. Besides the 
nucleus, there are two smaller but microscopically visible struc- 
tures (Fig. 5) : the plastids and the still smaller (0.1-0.5ju) 
mitochondria;* and another kind of structure too small to be 
seen with the optical microscope; the microsomes. A large part 
of the metabolism of the plant takes place in or on these struc- 
tures. Carbohydrate synthesis occurs in the plastids, while 
breakdown of carbohydrate or its products takes place in the 
mitochondria. There is some evidence that protein synthesis 
occurs in or on the microsomes (Brachet). 

The green chloroplasts can be separated from protoplasm 

* The mitochondria of the biochemist are generally spherical particles, those 
of the histologist elongated (Guilliermond). These may or may not be the same. 
The ones referred to in this text are those separated from the tissue by biochem- 
ical methods. 1/^ (micron) ~ 0.001 mm. 
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and still carry on part of the process of photosynthesis, as will 
be described later. The mitochondria can be separated and still 
carry on part of the process of respiration (Bonner and Millerd). 
But in both cases these processes can go to completion only if 
the other constituents of protoplasm are present. Consequently 
the minimum essentials for the complete life processes of the 
plant are unaltered protoplasm with both the microscopically 
visible and invisible components intact. 

Among the many kinds of proteins in protoplasm are the 
nucleoproteins, which are combinations of proteins with organic 
compounds of phosphoric acid called nucleic acids (pentose 
nucleic acids, or PNA, and desoxypentosenucleic acids, or 
DNA). These occur in the structural components of proto- 
plasm: nucleus, plastids, mitochondria, and microsomes. That 
the nucleoproteins are perhaps the most fundamental sub- 
stances of life is indicated by the fact that the smallest living 
entity, the virus, consists solely of nucleoproteins. Similarly 
the units of heredity in all organisms, the genes, are also 
nucleoproteins. 

The phospholipids are the main fatty substances of proto- 
plasm. They are confined to the structural components (the 
plastids, mitochondria, nxicrosomes) and the two surface layers 
of the protoplasm. However, the actual proportions of these 
substances are not the same in the different structures. 

These structural components are suspended in the matrix of 
the cytoplasm, which is essentially made up of a protein solu- 
tion or gel. This matrix is usually considerably more viscous 
than the vacuole. Since viscosity and gel formation are char- 
acteristic of the colloidal state, protoplasm is obviously a col- 
loid. The nonliving parts of the cell also show colloidal prop- 
erties. The vacuole, though optically homogeneous and mobile, 
usually possesses enough colloidal material (e.g., tannin) to 
accumulate dyes such as neutral red, staining more or less 
strongly if the cell is alive. The wall is a colloidal gel of cellulose 
and other large-moleculed organic substances. Though these 
substances are insoluble in water, they imbibe it readily in the 
same way that a gelatin gel does. 

All three components of the living cell — wall, protoplasm. 
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and vacuole — contain ample water which can pass readily from 
one to the other. The physical chemistry of aqueous systems 
(e.g., diffusion, osmosis, etc.) is therefore of paramount im- 
portance in plant physiology. The lines of separation between 
these three components of the cell are knowm as interfaces. 
Special physical forces known as surface tension or interfacial 
tension operate at such interfaces. Substances tend to become 
concentrated at such surfaces, producing the phenomenon of 
adsorption. 

It is now apparent that in order to understand more about 
the properties of protoplasm, we must consider such purely 
physical and chemical concepts as acidity, colloids, permea- 
bility, diffusion, osmosis, adsorption, etc. It is, in fact, the 
ultimate goal of physiology to describe all life processes and 
explain them in terms of physics and chemistry. Some aspects 
of physiology therefore fall naturally into the fields of bio- 
physics or biochemistry. But the two overlap and are therefore 
often difficult to separate. For convenience, in this text, all 
those aspects of physiology that are primarily biophysical or 
in the borderline field of biophysical chemistry will be dealt 
with in Part II; all those that are mainly biochemical will be 
dealt with in Part III; and those aspects that involve a very 
intimate interrelationship of the two will be treated in Part IV. 
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CHEMISTRY 



Chapter 3 


ACIDITY 

It was stated previously that in nearly all plant cells the 
vacuole sap is more acid than the protoplasm. Such a conclusion 
can be reached only from quantitative measurements. And be- 
fore quantitative measurements are possible, it is necessary to 
have a method of expressing acidity quantitatively. 

By definition, the greater the concentration of H ions,* the 
more acid a solution is; the greater the concentration of OH 
ions, the more alkaline it is. This is usually expressed as follows : 

acidity oc [H+], alkalinity cc [OH“] 

where the above symbols stand for concentration in gram- 
atoms per liter of H and OH ions, respectively. In aqueous 
solutions, [H+] X [OH“] = K. Therefore the [H+] alone re- 
veals both the acidity and alkalinity. Since K in the above 
equation is 10“^^, a solution that is neutral (neither acid nor 
alkaline), and that therefore has equal concentrations of H and 
OH ions, must have an [H+] = 10“^ (1/10,000,000) gram- 
atoms per liter. 

The range of acidity for the cell sap of plants is from about 
10~^ to 10“^ gram-atom of H ions per liter, the one extreme 
being a million times as acid as the other. In order to cover 
such a large range conveniently, it is necessary to use an ex- 
ponential method of expressing the values. Consequently, the 
negative logarithm of the H ion concentration is used and is 
called the pH. Thus pH is —log [H"''] or log (1/[H+]); con- 
versely [H+] = l/(antilog pH). Expressed in another way, if 
[H+] = 10-% then pH = X. 

In terms of pH, then, the range of values for cell sap is 
from about 1 to 7, the former being a million times as acid as 
the latter. Since each whole number represents an acidity 10 

* More correctly called hydronium ions (H3O+), since each is hydrated, 

. 
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times as great as the succeeding number, the unit change in 
represents a smaller and smaller change in acidity as neutrality 
(pH 7) is approached. Thus a change in acidity on advancing 
from pH 1 to 2 and from pH 6 to 7 in each case represents a 
reduction in acidity to 0.1, yet the actual decrease in acidity 
is 0.1 — 0.01 = 0.09 gram-atom of H ions per liter in the first 
case, and only 0.000001 — 0.0000001 = 0.0000009 gram-atom 
of H ions per liter in the second case. Consequently, the former 
unit increase in pH represents 100,000 times as great a drop in 
acidity as the latter. 

Just as a unit decrease in pH represents a 10 times increase 
in acidity, so a fraction of a unit is a definite multiple of a 
higher one, for example. 




Acidity, as defined above, is a measure of actual H ion 
concentration. Besides this true addity, there is the titratable 
acidity, which cannot be predicted from the H ion concentra- 
tion (Table 2). Thus the normality (or titratable acidity) of 
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lemon juice (mainly citric acid) is 10 times that of Begonia leaf 
juice (mainly oxalic acid), but the latter has a greater H ion 
concentration and therefore a lower pH. The titratable acidity 
includes not only the actual but also the potential H ion con- 
centration; that is, the concentration of H atoms that may 
change to H ions if, for instance, some of the H ions already 
present are deionized by neutralization or titration with OH 
ions. The true acidity is expressed as gram-atoms of H ions, 
the titratable acidity as normality of acid. In the case of a 
strong acid (completely or nearly completely dissociated into 
ions) such as HCl or H2SO4, the two are practically identical; 


Table 2: Titeatable acidity (noemality) and H ion concenteation (bx- 

PKESSED AS THE NEGATIVE LOGAEITHM OE pH) OF PLANT JUICES [After Thomas] 


Organ from which sap was expressed 

Lemon fruit 

Red-black fruits of blackberry 

Rhubarb petioles 

Unripe grapes 

Oxalis leaves 

Green cooking apple 

Begonia rex leaves 

Begonia tuberosa leaves 

Ripe tomato fruit 

Ripe Worcester Pearnian apple 

Celery petioles 

Root of white beet 


Normality of sap 

pH of sap 

0.95 

2.4 

0.23 

2.7 

0.22 

3.2 

0.21 

3.0 

0.16 

2.3 

0.13 

3.2 

0.11 

2.2 

0.10 

2.2 

0.063 

4.4 

0.045 

3.9 

0.025 

5.2 

0.025 

5.8 


but in the case of a weak acid (with only a small fraction of 
the molecules dissociated) the true acidity is much less than 
the titratable acidity. Since pH is related to true acidity, a 
strong acid has a much lower pH than a weak acid of the same 
normality. Thus, the pH of 1 V HCl is 0.10, which is close to 
the ideal value of 0.00. The pH of 1 N acetic acid is 2.37 be- 
cause only 0.42 per cent of the acid molecules are dissociated. 
This means that the 1 N HCl is nearly 200 times as acid as the 
1 iV acetic acid, though the same amount of alkah would be 
required to neutralize equal volumes of the two acids. The 
strength of an acid therefore depends on how much of it is 
ionized, and this is expressed quantitatively by the ionization 
constant (Table 3). 
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Table 3: Dissociation ob ionization constants K 


m+i X FA-i 
[HA] 

OF SOME ACIDS FOUND IN PLANTS AND THBIB BESPECTIVE pK 

(the p3. at the ncuddle of their buffering zones) 

[After Pauling and Thomas] 


Inorganic acids 
phosphoric 

let H to ionisse 

7.6 

K 

X 10~3 

pK 

2.1 


2ndH 

6.2 

X 10-8 

7.2 


3rdH 

1 

X 10-12 

12.0 

carbonic 

lat H 

0.45 

X 10-6 

6.3 

Organic acids 

oxalic 

1st H 

5.9 

X 10-2 

1.2 


2ndH 

6.4 

X 10-6 

4.2 

malic 

1st H 

4 

X 10-^ 

3.4 

tartaric 

1st H 

9.7 

X 10-^ 

3.0 

citric 

1st H 

8.7 

X 10-4 

3.1 

acetic 


1.8 

X 10-6 

4.7 


Since the weak acid has nearly all its titratable H atoms in 
the form of potential H ions, when mixed with its salt it main- 
tains a nearly constant pH, even though large amounts of H 
or OH ions are added to it. If H ions are added, they will 
nearly all combine with the excess anions (supplied by the salt) 
to form undissociated acid. If OH ions are added, they combine 
with the H ions from the weak acid to form undissociated water 
molecules, but the neutralized H ions are immediately replaced 
by ionization of some of the large store of potential H ions. 
Such a mixture of weak acid plus its salt (or weak base plus 
its salt) is called a buffered solution because of its ability to 
prevent changes in pH. A good example is a mixture of equi- 
molar quantities of acetic acid and sodium acetate. A drop of 
concentrated HCl added to a liter of such a buffered solution 
has a negligible effect on the pH. A drop of concentrated HCl 
added to a liter of unbuffered water decreases its pH about 
3.7 units (i.e., increases its acidity about 5000 times). 

The buffer range of an acid can be observed from its titration 
curve, for it is that portion of the curve showing the most 
gradual rise in pH (Fig. 6). A strong acid (0.1 A HCl) also 
shows a region of gradual rise with only a unit increase in pH 
though enough alkah is added to neutralize 90 per cent of it. 
But this is not a true buffering action, since the [H+] is reduced 
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by about 0.09 gram-atom. The buffer zone of the weak acid is 
much higher on the pH scale; therefore, though a similar rise 
in pH occurs, it represents only a fraction of 1 per cent as much 
of a decrease in [H+] for the same addition of OH" as in the 
case of the HCl. This is due to the large store of potential H 
ions that ionize as more alkali is added. 



Fig. 6. Titration curves of 100 ml portions of 0.1 iV HCl and 0.1 N acetic 
acid with N NaOH. (After Michaelis) 


Each buffer mixture is effective only within a certain range 
of pH. The maximum buffering of any mixture is obtained when 
half the acid (or base) molecules are dissociated; that is, when 
equal quantities of rmdissociated acid (or base) and H (or OH) 
ions are present. This occurs at a [H+J that is numerically 
equal to the dissociation constant K of the acid; for if an 


acid HA dissociates into H+ and A , then K = 


imi X [A-] . 
[HA] ’ 


therefore, when the acid is half dissociated, [A"] = [HA] and 
K — [H+]. Since the dissociation constants of most acids are 
known, the optimum buffer zone for each can be easily calcu- 
lated; for the mid-point of this zone will occur at the pH equal 
to —log A (the so-called pX). 

In plant juices, several organic and inorganic salts and acids 
(Table 3) are responsible for the buffering action (Small). 
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Around the neutral point, phosphates and bicarbonates are the 
commonest buffers; on the acid side organic salts and acids 
such as malates (apples, peas, asparagus), citrates (tomato, 
citrus fruits), oxalates (tomato, plum, strawberry), tartrates 
(grapes), etc. Usualty more than one buffer is present, e.g., 
malate and acetate in onion, naalate and oxalate in lettuce. 
Most of the above substances are in the vacuole. The sub- 
stances responsible for buffering of plant protoplasm are not 



known, though the proteins themselves have some effect. Some 
plant saps are not well buffered and their pH may be markedly 
shifted by addition of CO2 (Fig. 7 ). In some cases, excess CO2 
may produce indirect effects leading to a rise in pH. 

There are two main methods of measuring pH; one by use 
of indicators (dyes that change color at more or less specific 
pH), the other by pH meters. Each has its own virtues, though 
the modern, line-operated pH meters with glass electrodes are 
unequaled for accuracy, speed, and simplicity. The indicator 
method is still sometimes used, for instance in field work. It is 
accurate enough for most biological purposes. For determina- 
tion of pH of individual cells it is the only method available, 
since electrodes cannot be made small enough to insert into 
most living cells. Naturally occurring indicators inside the cell 
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may sometimes be made use of; flavones turn from colorless to 
yellow above pH 8; anthocyanins are usually pink or red below 
pH 5, blue or purple above it. 

By the use of these methods, the pH’s of many plant juices 
have been determined. Fruit juices usually range froni pH 2.5 
to 4.5 (Table 2) though there are some exceptions (e.g., lime, 
pH 1.7). Juices expressed from other plant parts also show wide 
variations though they connnonly fall within the range of pH 
5.0 to 6.5. Phloem exudate has the exceptionally high value of 
7-8. In plants with acid metabolism (e.g., succulents) the pH 
may be around 3.0. Even in the case of a single plant it may 
vary markedly. In many plants it drops at night and rises 
during the day. Extreme examples of such diurnal pH changes 
are found among succulents: in Opuntia phaeacantha (a cactus) 
from 5.5 at 4:00 p.m., to 1.4 at 6:45 a.m. Where the change 
in pH is small, it may be at least partly due to increases in CO 2 
content at night (from respiration), and decreases during the 
day (due to use in photosynthesis). But such extreme changes 



Fig. 8. Effect of light and darkness on ptl and organic acid content of 
Bryophy Hum leaves. (After Vickery) 
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as in the Opuntia and other succulents result from accumula- 
tion of organic acids in the dark and their disappearance in the 
light (Fig. 8). 

The pH of plant protoplasm is much more difficult to de- 
termine, partly because of the far greater quantity of acid 
vacuolar sap adjacent to it. It is perhaps because of this and 
the acid of injury that often arises when protoplasm is injured, 
that values as low as pH 5.6 have been recorded for plant 
protoplasm. Because of these sources of error and because 
animal protoplasm has usually been found to be around the 
neutral point, it is highly probable that plant protoplasm has a 
pH around neutrality. Indirect evidence of this is the fact that 
when protoplasmic proteins are isolated from plants, some of 
them fail to remain in solution unless the pH is maintained 
above 6 to 6.5. 

Judging from the range of pH found in the vacuole (1-7), 
the plant is apparently much more tolerant of acidity than of 
alkalinity. Even the tolerance of externally applied pH is not 
so great in the alkaline range. The most acidiphilous plants 
grow in soil pH down to 4.0 or even 3.5 in extreme cases, the 
alkaliphilous in soil pH up to 8.0 or 8.4. Thus the tolerance of 
alkalinity is greater than appears from vacuole measurements, 
but is still much less than the tolerance of acidity. This is at 
least partly associated with indirect effects of pH — e.g., the 
unavailability of some soil nutrients at high pH — rather than 
a direct damage of protoplasm by OH ions. According to Olson, 
direct damage by OH ions does not occur until pH 10.5, exactly 
the same distance from the neutral point as the pH (3.5) 
causing direct damage due to H ions. 

The role of pH in many physiological processes will be dealt 
with in later sections (e.g., protein hydration, stomatal move- 
ment, enzyme action, etc.). 
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If we compare a cabbage seedling with, an onion bulb, it is at 
once apparent that the former has more total surface, and to 
an even greater degree more specific surface (surface per unit 
volume). Thus, if the seedling has 12 leaves, each of which is 
about 9X8 cm., the area of one leaf surface is about |(9 X 8) 
= 56 cm.^ If the above-ground portion weighs 25 g., the specific 
surface is about 50 cm.^ per cm.® (or 50 cm."®), since 1 g. of 
fresh tissue has a volume of about 1 cm.® 

If the onion bulb has a diameter of 6 cm. its specific surface is 

surface _ 3 

volume 45rr® r 

= 1 cm.Vcm.® (=1 cm."®) 

The above-ground portion of the cabbage seedling obviously 
has 50 times as much specific surface as the onion bulb. 

This difference in specific surface will markedly affect all 
phases of the physiology of the two plants. If this were the only 
difference between the two, the cabbage would be able to ab- 
sorb O 2 and to give off CO 2 and water at 50 times as great a 
rate per unit volume as would the onion bulb. Specific surface 
is therefore an important factor in the exchange of substances 
between a plant and its environment. As a result of the more 
rapid exchange of O 2 and CO 2 , the cabbage would be able to 
break down and synthesize chemical substances more rapidly 
than the onion bulb. Because of this greater metabolic rate 
more energy would be available. As a result the cabbage might 
be expected to grow and develop more rapidly. Similarly, the 
temperature of the cabbage plant would become adapted to its 
environmental temperature more rapidly should the latter 
change. 

This kind of reasoning is a gross oversimplification, since 
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there will alw^ays be many other factors that may counteract 
the effect of surface. Nevertheles.?, it cannot be denied that the 
specific surface of a plant may affect all phases of physiology. 
In line with the above reasoning, for instance, is the fact that 
actively growing plants and plant parts do, in general, have 
more specific surface than resting or dormant plants or plant 
parts (seeds, tubers, bulbs, etc.). Thus deciduous trees reduce 
their surfaces tremendously w^hen they become dormant. In 
the case of evergreen trees this is not true, but that may partly 
account for their greater successes in climates having low 
enough temperatures during their dormant period to reduce 
their metabolism to a minimum without any reduction in sur- 
face. The large specific surface of active plants is to be expected 
from the laws of thermodynamics, which teach us that any 
increase in surface area involves an increase in free energy, 
i.e., energy available to do work. But even more important 
and much larger than the external surface of a plant is its 
internal surface. The above-mentioned onion bulb, for instance, 
consists mainly of spherical cells with an average diameter of 
about 0.1 mm. or 0.01 cm. This results in a much larger total 
protoplasmic surface than if all the protoplasm existed in one 
spherical mass. Since specific surface of a sphere varies as 1/r, 
and since we are dealing with the same total volume, the total 
cell surface must be greater than the bulb surface by the ratio 
E/r, where R = bulb radius and r — cell radius, or 3/0.005, 
i.e., 600 times the bulb surface. Since the protoplasm layer 
has two surfaces, its total surface is 1200 times that of the bulb. 

Though further calculations are unnecessary, observation of 
these onion cells under the microscope will reveal the existence 
of nuclei, plastids, and mitochondria in the cytoplasm. The 
total sui’face of all these is tremendous. Below the range of 
visibility are still smaller particles (microsomes) with still 
greater specific surface. These invisible particles are in the 
colloidal state. 

One of the most important properties of surfaces is the tend- 
ency for substances to become concentrated there. This follows 
from the laws of thermodynamics. If a body is cut up into 
small pieces, the surface increases, and from the law of the 
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conservation of energy the work done in cutting the body is at 
least partly converted into free surface energy. This energy is 
commonly either in the form of electric charge or of surface 
tension. From the second law of thermodynamics, it follows 
that the free energy tends to be converted into unavailable 
energy. In other words, the surface charge will tend to be 
neutralized by opposite charges, the surface tension to be 
lowered by other substances. In both cases, molecules or parti- 
cles that reduce surface energy will accumulate at the surface 
in higher concentration than in the surrounding medium. This 
concentration at a surface is known as adsorption. It is more 
pronounced at some surfaces than at others, and from some 
media than from others. In some cases there may even be 
negative adsorption if this results in a lower free energy (i.e., if 
the only available particles have the same kind of charge as 
the surface or if they raise surface tension). 

Water consists of polar molecules, i.e., molecules with one end 



Per cent concentration 


Fig. 9. Surfacse tension of solutions of polar (salts and sugars) and apolar 
(many organic) substances. (After Freundlich) 
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electrically negative with respect to the other. Other sub- 
stances that also consist of polar molecules tend to attract 
water molecules electrically and can be thought of as being 
pulled into the body of an aqueous solution (negative adsorp- 
tion). Salts (and sugars) are polar substances and therefore do 
not concentrate at the surface. Consequently the 3 '- do not re- 
duce the surface tension of water. They are therefore said to be 
surface inactive, though they may actually slightly increase 
surface tension (Fig. 9). Most organic substances are more or 
less apolar and therefore are not so strongly attracted to the 
water molecules as the water molecules are to each other. As a 
result they can be thought of as being “pushed” to the surface, 
where they reduce the surface tension due to the small molecu- 
lar forces of attraction between them. Such substances are said 
to be surface active. Proteins are surface active and therefore 
form an adsorbed layer around latex particles in rubber-pro- 
ducing plants. But proteins do possess definite electrical prop- 
erties and therefore are not nearly so surface active as fatty 
substances. Consequently, in the case of living protoplasm 
there is a far greater concentration of lipids than of proteins at 
the surface. 

Adsorption has proved to be important in the case of uptake 
of nutrients from the surrounding medium by plant roots. 
There is strong evidence that the first step in the uptake is ad- 
sorption at the surface of the roots. Now it has been found that 



Minutes 

Fig. 10. Effect of temperature on rate of adsorption of Congo red by paper. 
(After Belehradek) 
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in weak solutions the uptake is more or less proportional to the 
external concentration, but that in more concentrated solutions 
it is practically independent of the external concentration. This 
is believed due to saturation of the surface by the adsorbed 
nutrient at relatively low concentrations (Robertson). 

Temperature has a pronounced effect on adsorption. The 
amount adsorbed markedly decreases with rise in temperature. 
This can readily be understood, since the higher the tempera- 
ture, the greater the kinetic energy of the adsorbed molecules, 
and the more easily they can escape from the surface. How- 
ever, temperature has the opposite effect on the time required 
for adsorption equilibrium to be attained; this decreases with 
rise in temperature (Fig. 10). 
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The most obvious factor in adsorption is the extent of surface 
— the greater the surface per unit volume (i.e., the specific 
surface) the greater the amount adsorbed per unit volume. Ad- 
sorption therefore becomes more pronounced the more finely 
divided the adsorbent. It reaches a maximum, in fact, in the 
colloidal range where particle sizes are below visibility with the 
optical microscope but above ordinary molecular size (Table 4). 
It is for this reason that adsorption must play such an im- 
portant role in the living cell and particularly in protoplasm 
which consists largely of substances in the colloidal state. 

Table 4: Size limits of colloidal properties 
[Adapted from Scarth and Lloyd] 

2m 200 mM 5 JXLfx 0.1 


Visible with the 

Visible with the 

Invisible even 

ordinary micro- 

ultramicroscope 

with the elec- 

scope 

and the electron 

tron microscope 

Suspensions 

microscope 

Colloids 

Molecular dis- 

Filterable 

Dialysable 

persions 

Nondiaiysable 

Unstable — settle 

Relatively stable 

except by semi- 
permeable mem- 
branes 

Stable 

out on standing 

1 mm. 

lOOOju (microns), Iju 

= 1000 mfi 


Since the colloidal state depends simply on the particle size, 
any substance can (at least theoretically) be a colloid. There is, 
of course, no sharp line between colloids and noncolloids. Any 
particles that fall in the range of about 1-5 m^t to 0.1-0.2/i are 
usually considered to be colloidal. Sometimes the upper limit 
may be extended to 0.5fi since certain systems with particles 
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of this size are stable. The lower limit includes some molecules, 
since these may be large enough to take on colloidal properties. 
This is particularly true of proteins. 

Colloidal systems really consist of two components, the dis- 
perse phase (particles) and the dispersion medium. Since both 
of these may be in any of the three states of matter (solid, 
liquid, and gas), there are nine possible combinations. Of these 
only one cannot represent a colloid, viz., gas disperse phase in 
gaseous medium, since all gases are molecularly miscible in all 
proportions. Of the eight remaining possible combinations, only 
one, the solid disperse phase in a liquid medium, is important 
in physiology. And the only liquid medium of physiologic sig- 
nificance is water. Consequently the following discussion ap- 
plies primarily to aqueous colloidal dispersions. 

Properties of colloids 

There are many ways in which colloidal dispersions differ 
from molecular dispersions or true solutions. All these differ- 
ences depend on the particle size. Thus the colloidal particles 
are large enough to scatter light. As a result, colloidal dis- 
persions frequently show a Tyndall effect; if a beam of light is 
shone on the dispersion, the path of the beam can be seen from 
either side at right angles to the direction of the beam. But 
such light scattering is not possible when the colloidal particles 
have a refractive index that does not differ markedly from that 
of the dispersion medium, that is, when the particles are highly 
hydrated as in the case of many proteins. 

Another result of their relatively large particle size is the 
slow rate of diffusion of colloids, as little as 0.001 the rate of 
small molecules (Table 5). 

Table 5: Relative diffusion bates (ob diffusion coefficients) 

OP moleculablt and colloidally dispebsed substances 
[After Gortner] 

Dispersion Substance Diffusion coefficient 

molecular nitric acid 2.1 

sucrose 0.31 

colloidal nuclear gold (1.7 m/x) 0.27 

egg albumin 0.059 

antitetanus serum 0.0021 
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The osmotic effects of colloidal solutions are small, again be- 
cause of the large particle size (Table 6). 

Table 6: Osmotic peessures in, atmospheres of a molecxjlarly 

DISPERSED (dextrose) AND A COLLOIDALLY DISPERSED 


Per cent 

(serum albumin) substance 

Bovine ser um 

solution 

Dextrose 

albumin 

5 

6.7 

0.013 

10 

13.5 

0.032 

20 

27.0 

0.12 


The colloidal particles are too large to pass through the pores 
of many membranes that are easity penetrated by molecularly 
dispersed salts and sugars. This fact is made use of to free col- 
loidal systems of crystalloids. 'VMien confined in such a mem- 
brane which is suspended in water, the crystalloids diffuse out, 
leaving the colloids behind. This process is known as dialysis. 
A similar process including the application of pressure is known 
as ultrafiltration. 

Colloids may differ from each other in other ways besides 
size. Some may be nonspherical, and this may lead to other 
properties such as gel formation. In spite of their large particle 
size, some may be electrolytes and due to their dissociation 
become charged. Proteins supply examples of both of these 
properties. 

Stability of colloidal dispersions 

Molecular dispersions are stable because of the high kinetic 
energy of the molecules. When this energy is reduced, that is, 
when the molecules crystallize, they precipitate. In the same 
way, colloidal particles may aggregate to form larger particles, 
which will then precipitate. If the colloid does not precipitate, 
it is stable, and since the particles do not possess the high 
kinetic energy of molecules, the colloid must owe its stability 
to some other property that prevents aggregation. There are 
two main factors that contribute to its stabihty, charge and 
hydration. 

The charge of a colloidal particle is due either to the capture 
of an ion or to ionization (dissociation) of the colloid. Colloidal 
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bases (e.g., alkaloids, basic dyes, and hydroxides of metals) 
become positively charged in water. All other colloids are nega- 
tive in water. Proteins are amphoteric (either positively or 
negatively charged) depending on whether they dissociate as 
bases or as acids. At some point between, the isoelectric point, 
their net charge is zero, and they are therefore least stable. 
Some proteins (the albumins) are isostable; that is, their own 
ionization supphes a sufficient net charge. Others (globulins) 
need other ions and therefore are stable only in salt solutions. 
An unstable colloid may therefore be dispersed by addition 
of sufficient ions (i.e., by salts). This is called peptization. But 
if too high a salt concentration is used the colloid may be dis- 
charged and precipitated. This is c&lled flocculation. The higher 
the valence of the oppositely charged ion, the smaller the con- 
centration of salt required to flocculate a colloid (Table 7). 

Table 7: Concbntkation op salts eequiked to flocculate 
(precipitate) sols [Adapted from Scarth and Lloyd] 

a) Negative Sol b) Positive Sol 


Salt 

Millimols 

Salt 

Millimols 

KCl 

50 

KOI 

80 

BaCL 

0.70 

KiSOi 

0.28 

AICI3 

0.09 

K 4 Fe(CN)e 

0.08 


The second cause of stability is hydration. Aqueous colloids 
may be roughly classified into hydrophilic and hydrophobic 
colloids, though there is some gradation between the two 
groups. The hydrophobic are less stable and can be flocculated 
by low concentrations of electrolytes (Table 7). The hydrophilic 
cannot be flocculated, but may be salted out by high salt con- 
centrations. The effectiveness of salts varies with the different 
ions in a very definte order which is known as the lyotropic 
(or Hofmeister) series (Table 8). 

Table 8: Order of effectiveness op ions in salting out hydrophilic sols; 
LYOTROPIC SERIES [After Scarth and Lloyd] 

Cations: Li+ > Na+ > K+ > Rb+ > Cs+ 

Anions: SOr > F” > Cl" > NO 3 - > Br > I~ > CNS" 

Proteins are typically hydrophilic colloids. They cannot be 
flocculated by low concentrations of salts but can be precipi- 
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tated by high concentrations, e.g., by saturation or half satura- 
tion with (NH 4 ) 2 S 04 . Some hydrophilic colloids form aqueous 
sols (i.e., have the physical properties of a liquid), others form 
more or less rigid gels. Protoplasm itself is intermediate and 
exhibits the properties of both sols and gels; it shows streaming 
and brownian movement as would be expected in a sol, but 
both of these movements may be stopped by removal of some 
of its water, converting it into a rigid gel. 

Properties of gels ' 

Since protoplasm has the properties of gels, it is important 
to know what these are. In spite of the more or less rigid nature 
of aqueous gels, their water content is usually high, and this 
insures just about as rapid diffusion of water-soluble substances 
through them as through water itself. The following are their 
main properties: 

1. Swelling or imbibition pressure. Most aqueous gels are 



Fig. 11. Per cent bound water held by the mold Aspergillus niger after 
growth in media containing 0 to 50% sugar, and therefore having osmotic 
potentials (see Chap. 6) of nearly zero to 100 atm. The bound water is that 
held at room temperature in an evacuated desiccator with a relative humid- 
ity of practically zero. Much of this bound water can be driven off at 80®C. 
(upper curve), more at 110®C. (lower curve). 
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highly hydrophilic. Due to the large adsorptive forces, they may 
have imbibition pressures as high as 1000 atm.; that is, they 
may absorb water against water-removing forces of this value; 
or they may hold some water against pressures of 1000 at- 
mospheres in a hydraulic press. This is true also of seeds, due 
to their gel nature. Proteins may retain as much as 10 g. water 
per 100 g. protein at 100°C. Water that is adsorbed strongly 
by colloids is sometimes called bound water. The amount of 
such “bound water” held by tissues may vary with the con- 
ditions of growth (Fig. 11), and the water is retained against 
forces of evaporation of well over 1000 atm. 

2. Hysteresis. If several gelatin gels are made up of different 
concentrations and dried, when allowed to reimbibe water each 
will tend to regain its original concentration (Fig. 12). This is 
due to the structure of the gel. The colloidal particles are 
needle-shaped and cross each other at definite points, forming 
a “brush-heap” type of structure. The water is held in the 
interstices between the micelles (particles). Since these micelles 
tend to maintain a constant position with reference to each 
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Fig. 12. Imbibition curves of gelatin made up of 10, 25, and 35% gels, dried 
to 3% moisture, then allowed to reimbibe water, (After Gortner) 


COLLOIDS 


37 


other, that is, they act as though fastened together at the points 
of contact, the dilute gels will have larger interstices for holding 
water than will the concentrated gels. This phenomenon may 
be of fundamental importance in the case of protoplasm. If a 
plant has grown under low moisture conditions, its protoplasm 
may conceivably have this tight kind of structure and perhaps 
be unable to imbibe as much "water as if it had grown under 
conditions of high moisture. This may possibly be one reason 
why such plants are sometimes permanently set back by early 
droughts, even though not obviously injured. 

3. Synereds. Sometimes the ability of a gel to hold water 
decreases with age, and free water (or solution) is then liber- 
ated. This is called syneresis. Syneresis may also conceivably 
happen in the case of senescent cells. The vacuole would then 
enlarge at the expense of the protoplasm. 

4. Thixotropy. Some gels may act as sols if stirred or shaken. 
After this treatment they may pour quite readily. On standing 
they become gels again and will not pour. This reversible sol 
gel transformation is called thixotropy. By use of microneedles, 
it is possible to show that protoplasm is thixotropic. 
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Chapter 6 

DIFFUSION AND OSMOSIS 

In the living and growing plant, there is a continuous trans- 
fer of materials from cell to cell, from tissue to tissue, from 
organ to organ, from the plant to and from its environment. 
In purely physical systems, transfers of both solvent and solute 
occur as a result of molecular movement, i.e., by the process of 
diffusion. Consequently, diffusion must be considered as a pos- 
sible factor in the movement of both water and solutes in the 
plant. Since cells possess semipermeable membranes, the move- 
ment of water must involve osmosis (diffusion through semi- 
permeable membranes). 

Diffusion 

Since diffusion is due to the movement of the individual 
molecules, any factor controlling the rate of diffusion does so 
by altering the total free energy of the substance, because of 
a difference (a) in the speed of the molecules (1 and 2 below) 
or (b) in the number per unit volume (3 and 4). The rate of 
diffusion of a solute therefore depends on : 

1. The size of the diffusing particles. For gases and small mole- 
cules v is proportional to 1/m, where v is velocity and m is mass. 
For large molecules and colloidal particles the relation is more 
nearly v is proportional to 1/r, where r is the radius of the 
particle. 

2. Temperature. The rate of diffusion increases with the tem- 
perature; for example, NaCl diffuses in water 4 times as rapidly 
at 50°C as at 0°C. 

3. The concentration gradient. Diffusion occurs from a high 
to a low concentration, the greater the difference (per unit 
distance) the more rapid the diffusion. 

4. Permeability of the medium. The dissolving power of the 
medium controls the number of particles that can move abreast 
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in it. Therefore diffusion is proportional to solubility (or per- 
meability), when the solute is present in excess of saturation. 

For a particular solute diffusing through a particular medium 
at a constant temperature, the specific diffusion rate Z> is the 
number of moles that diffuse across unit area in unit time under 
a concentration gradient of unity. If two different concentra- 
tions of a solution exist on opposite sides of a permeable mem- 
brane (Fig. 13) the rate is given by Fick’s law of diffusion: 




or, expressed as a differential equation. 


dt 


Da 


dx 


where s = amount of substance diffusing (moles) 
t — time (sec.) 

D — coefficient of diffusion or specific diffusion rate 
a = area of membrane (cm.*) 

Cl = higher concentration (moles per liter) 

C 2 = lower concentration 
X = membrane thickness (cm.) 

— ~ or -^ = concentration gradient 
X dx 

Here D is a constant for any one diffusing substance and 
medium if the temperature is constant, i.e., if three of the 
factors mentioned above are constant. If more than one sub- 



Fig. 13. Diffusion of a substance from a region of higher to one of lower 
concentration. (After Scarth and Lloyd) 


diffusion ANB OSMOSIS 

stance is present, each moves according to its own concentra- 
tion gradient and coefficient of diffusion. _ 

Since so many factors are involved m the ‘ 

stance it is sometimes more convement to express all these m 
one general term, the activity or free energy of the molecules. 
This method is particularly useful in the case of a solvent whose 
“concentration” is usually so near to 100 per cent as to b 
difficult of accurate measurement. Thus the solvent will always 
move from a region of higher activity or free energy to one of 
lower activity or free energy. 

Osmosis and osmotic pressure 

When a substance (the solute) is added to a liquid (the sol- 
vent) in which it is soluble, the free energy of the solvent mole- 
cules is decreased. This decrease in free energy (or activity) o 
the solvent molecules lowers its vapor pressure and freezing 
point, and raises its boiling point. It also gives Tise to the 
phenomena of osmosis and osmotic pressure ( e y^ros a ic 
pressure due to osmosis). Thus if the solution is separated from 
pure solvent by a membrane permeable to solvent, but not to 
solute (a semipermeable membrane), the solvent molecules will 
diffuse from the region where their free energy is higher (the 
pure solvent) to the region where their free energy is lower 
(the solution). This selective diffusion of solvent is called os- 
mods, and it gives rise to osmotic pressure, which is determined 
by the pressure necessary to stop osmosis. Osmosis will continue 
until the free energy difference disappears, as a result of either 
concentration changes or pressure changes (Fig. 14). Whereas 
a rise in concentration of solute decreases the activity of the 
solvent molecules, a rise in pressure increases it. In case (1) of 
Fig. 14, both concentration and pressure changes would occur; 
that is, water would enter the solution, causing its level to rise 
above that of the solvent. This would produce a hydrostatic 
pressure and at the same time it would dilute the solution. 
Both changes would increase the free energy of the water mole- 
cules in the solution, until at equilibrium this would reach the 
value for water molecules in the pure solvent. 

In case (2), the free energy of the water molecules in the 
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sugar solution is raised by application of an external pressure p. 
If this pressure is increased until there is no diffusion of water 
in either direction (i.e., the water molecules move equally rap- 
idly in both directions), then p must be equal to the osmotic 




pressure (p) - 12 atm. 


9% Dextrose 


Tflflf r 


9% Dextrose 


Aqueous solution 

O « 12 atm. 

~ 



Fig. 14. Osmosis and osmotic pressure in an artificial cell containing 9% 
dextrose (corn sugar) separated from water or solution by a semipermeable 

membrane. 

pressure produced by the system of 9 per cent dextrose (com 
sugar) separated from pure water by a semipermeable mem- 
brane. In this case, p will have to be 12 atmospheres. Conse- 
quently, a 9 per cent dextrose solution (i.e., 0.5 M or half molar 
dextrose) is capable of producing an osmotic pressure of 12 atm. 
This then is the osmotic potential (0) of 0.5 M dextrose. It is 
transferred into an actual pressure only rmder specific condi- 
tions as in case (2) above. It should be reahzed that the osmotic 
potential of a solution and the activity of the solvent are in- 
versely related; that is, water will move from a region of low 
osmotic potential to one of high osmotic potential. The pressure 
p is transmitted hydrostatically to the walls of the container, 
and according to Newton’s third law of motion, an equal and 
opposite pressure must be exerted by the walls of the container 
on the sugar solution. This is called the wall pressure. 

In case (3), the 9 per cent dextrose solution is separated by 
the semipermeable membrane from a solution of another sub- 
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stance with an osmotic potential of 12 atm. As in case (2), 
equilibrium again exists without the application of any ex- 
ternal pressure because both solutions have the same osmotic 
potential. 

In case (4), the two osmotic potentials are not equal, yet 
equilibrium is obtained because of the piston or wall pressure 
of 2 atm. The net potential of the semipermeable container 
(0 of solution minus piston pressure) is therefore less than the 
osmotic potential of its free solution by 2 atm. Since it is 
equivalent to the external solution with no wall pressure and 
an osmotic potential of 10 atm., we may call this net value the 
osmotic equivalent {E), so that 

osmotic equivalent = osmotic potential — wall pressure 

E = 0-v (1) 

The symbol E is particularly suitable, not only as an abbre- 
viation for equivalent, but also to remind one that it is really 
a measurement of energy — osmotic potential energy; though 
instead of being measured in energy units, it is measured in 
terms of the maximum pressure that can be developed when 
the energy is converted into work. Thus E is really a measure 
of the water absorption energy (or potential) of the cell. Just 
as in electrical systems the emf is an energy unit that measures 
the work done in moving unit charge around a circuit, so in 
aqueous systems E, if it were expressed in energy units, would 
measure the work done in moving unit quantity of water across 
the semipermeable membrane. As the electric current is pro- 
portional to the emf when resistance is constant, so the current 
of water entering the cell is proportional to E when perme- 
ability (see below) is constant. 

The osmotic equivalent of a system is defined as the osmotic 
potential of a solution at atmospheric pressure in equihbrium 
with it. This value can be determined experimentally by finding 
a solution of known osmotic potential that will neither with- 
draw water from nor give it up to the system. 

Thus, if two solutions are under equal pressures, water will 
move from the one with the lower osmotic potential to the one 
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with the higher osmotic potential; but if the solutions are under 
different pressures, it will move from the system with the lower 
osmotic equivalent to the one with the higher osmotic equiva- 
lent. 

Systems in osmotic equilibrium with each other must always 
have the same osmotic equivalents. But living cells are not in a 
condition of equilibrium as long as water is moving into or out 
of them, and it is frequently necessary to know in what direc- 
tion and how rapidly water will move osmotically. Since the 
cells are normally under pressure (i.e., their walls are distended 
and they possess turgor), it is not enough to know their osmotic 
potentials; the water movement will always tend to be from the 
cell of lower osmotic equivalent (higher water activity) to the 
one of higher osmotic equivalent (lower water activity) . 

By analogy with the flow of electricity which is due to an 
electric potential difference, we may call this difference between 
the osmotic equivalents of two cells the osmotic 'potential dif- 
ference though the direction of movement is opposite (from 
low to high osmotic equivalent). The rate of movement will 
at any instant depend on how large the osmotic potential 
difference is. It must be realized, however, that the osmotic 
potential difference P between two cells (1 and 2) is the differ- 
ence between their osmotic equivalents and not simply their 
osmotic potentials, so that 

P^Ei-Ei ( 2 ) 

= (0i - pi) - (O2 - P 2 ) 

= 0i — O 2 — Pi Pi (3) 

On the other hand, the osmotic potential difference between 
a cell and the external solution (at atmospheric pressure) is 

P^Ei-Oe (4) 

= Oi- Pi - Oe (5) 

where Ei — osmotic equivalent of the cell 
Oi — osmotic potential of the cell 
Pi = wall pressure of the cell 
Oe = osmotic potential of the external solution 


44 


DIFFUSION AND OSMOSIS 


As in the case of the osmotic equivalent, the osmotic po- 
tential difference between two systems does not measure the 
energy directly but in terms of the maximum osmotic pressure 
that it can produce. Other terms such as suction pressure, 
diffusion pressure deficit, turgor deficit, etc. have been used for 
this quantity, but such terms have no true physicochemical 
meaning. Furthermore, they have been used indiscriminately 
for both the osmotic potential difference and the osmotic equiv- 
alent, and have therefore led to confusion. 

From equations (4) and (5), the effect of each of the variables 
on osmosis can be readily determined: (a) If the external me- 
dium is water, Oe is zero and P becomes equal to Ei. Thus the 
osmotic potential difference between a cell and pure water is 
equal to the osmotic equivalent of the cell, (b) If equilibrium 
exists, P = zero and the osmotic equivalent of the cell is equal 
to the osmotic potential of the external solution, (c) If the 
external medium is water and equilibrium exists, both 0^ and 
P are zero and therefore Ei is zero. Thus the osmotic potential 
of the cell is equal to the wall pressure (0< = p,). (d) If there 
is no pressure on the cell solution, Pi = zero and the osmotic 
potential difference is equal to the osmotic potential of the cell 
minus that of the external solution (P = 0,- — Oe). (e) If equi- 
librium exists and there is no wall pressure (P and p are each 
zero), the osmotic potential of the cell equals that of the ex- 
ternal solution (Pi = Oe). 

Although the cell does not possess a piston, it is completely 
surrounded by a semipermeable membrane (at or just below 
the external surface of the protoplast) which is in its turn com- 
pletely surrounded by a more or less rigid cell wall. It is this 
cell wall that takes the place of the piston in the system de- 
scribed above, and exerts a pressure on the protoplast. It must 
be realized that the pressures normally prevailing cannot 
squeeze the water out of the cell, as water is squeezed out of a 
sponge (applied pressures of 100-150 atm. are required to force 
water through the extremely fine “pores”) ; but it may cause 
water to diffuse out because it increases the free energy of 
the water molecules. 

From Newton’s third law of motion, it has long been known 
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that forces (and therefore pressures) come in pairs, the two 
being equal and opposite in direction. Thus the pressure ex- 
erted by the cell wall on the protoplast must be equalled by an 
opposite pressure exerted by the protoplast on the cell wall. 
Since this opposite pressure distends the wall and in this way 
gives rigidity (or turgor) to both the cell and the plant as a 
whole, it is known as turgor pressure. This pressure is due to 
water molecules in the protoplast impinging on the semiperme- 
able membrane which transmits the pressure to the more rigid 
cell wall. It is therefore a hydrostatic pressure. If osmotic 
equilibrium does not exist, water will diffuse into or out of the 
cell, increasing or decreasing the (hydrostatic) turgor pressure, 
distending or relaxing the wall. If the distention of the wall is 
irreversible, the cell increases irreversibly in volume; that is, it 
grows. 

Thus wall pressure affects the diffusion of water into and out 
of the cell, turgor pressure affects the rigidity and growth of the 
cell. These two are the only real pressures due to osmosis and 
may therefore be called osmotic pressures. No cell can develop 
a turgor pressure greater than the osmotic potential of the cell 
solution. In fact, the maximum turgor pressure is always less 
than the osmotic potential of a cell that is not fully turgid, 
because water must diffuse into the cell to increase the turgor 
pressure, and this causes dilution and a consequent decrease in 
osmotic potential. 

When the osmotic quantities are varying, for instance, in the 
case of an expanding ceil, the relationships are as shown in 
Fig. 15. Starting with a protoplast plasmolyzed to 0.9 of the 
cell wall volume, the osmotic potential is 16 atm., and so is the 
osmotic equivalent, since wall pressure is zero. When the proto- 
plast has expanded sufficiently just to fill the cell wall, it has 
an osmotic potential and osmotic equivalent of 14.3 atm., and 
wall pressure is still zero. At a cell volume of 1.1, the osmotic 
potential has decreased still further (to 13.0 atm.) due to dilu- 
tion of the cell contents by the entering water. The wall 
pressure has risen from zero to 3.2 atm. and the osmotic equiva- 
lent is 9.8 atm. (osmotic potential nainus wall pressure). At 
full cell turgor (i.e., in equilibrium with pure water), the os- 
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Fig. 15. Relations between osmotic equivalent E, osmotic potential 0, and 
wall and turgor pressure p in an expanding protoplast and cell (parenchyma 
cells of sunflower petioles. (After Clark) 

naotic equivalent is zero, the osmotic potential and wall pressure 
are both 11.4 atm. 

Determinations of osmotic quantities 

Osmotic Potential. It is sometimes convenient to be able to 
calculate the osmotic potential of a solution from its concentra- 
tion. This can be done by use of the following equation, 

0 = CRT 

where 0 = osmotic potential in atm. 

C = concentration in moles per liter 
R = gas constant (0.082) 

T = temperature in degrees absolute or Kelvin 

If the solution is reasonably dilute and consists of monomo- 
lecular solute particles, this equation gives values that are suf- 
ficiently accurate for most physiologic work. If, however, the 
molecules dissociate into smaller particles as in the case of 
electrolytes (salts, acids, bases) the osmotic potential will be 
larger than calculated, by an amount equal to the excess of 
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particles over the expected number of molecules. In the case of 
NaCl, for instance, the right side of the equation has to be 
multiplied by 1.8, in the case of CaCb by 2.4. This factor is 
known as the isotonic coefficient, and the equation becomes: 

O^iCRT 

where i is the isotonic coefficient (average number of particles 
per molecule). 

Even in the case of some substances that do not dissociate, 
the first equation is not accurate if the molecules are hydrated 
to a considerable degree, e.g., in the case of sucrose. This error 
cannot be calculated for, since the degree of hydration is usu- 
ally not known accurately enough and is not constant. A more 
nearly correct value can be obtained indirectly by determining 
the freezing-point lowering of the solution. Osmotic potential 
can be calculated from the equation 0 = 12.06A atm., where A 
is the freezing-point lowering as compared with pure water. 

The osmotic quantities of cells and tissues cannot be calcu- 
lated but must be determined experimentally. From (e), page 
44, it can be seen that the osmotic potential of a cell may be 
determined by finding the solution that is just able to reduce 
wall pressure to zero when the osmotic potential difference 
is zero, i.e., at osmotic equilibrium. Wall pressure can be 
proved to be zero if no further contraction of the cell wall can 
be induced. This can be detected either by measuring the cell 
or more simply by observing for incipient plasmolysis, a barely 
detectable pulling away of the protoplasm from the wall, which 
can occur only when the wall is no longer distended. The os- 
motic potential of the external solution inducing this incipient 
plasmolysis can be calculated from the above equation or from 
the freezing-point lowering. This gives the osmotic potential 
of the cell. Since the cells are normally turgid, the values ob- 
tained from incipient plasmolysis are usually a little high. 

If enough plant juice can be obtained, a second method is to 
determine its freezing-point lowering and calculate the osmotic 
potential as above. 

Osmotic Equivalent. The method of determining this value is 
perhaps self-evident from its name. It is necessary simply to 
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find a solution in which no osmosis occurs either into or out of 
the cell. The osmotic potential of this solution is the osmotic 
equivalent of the cell. In practice, the cell or tissue strip is first 
measured, then immersed in solutions of different^concentra- 
tions until one is found in which the cell or tissue strip neither 

increases nor decreases in size or weight. 

The wall pressure and turgor pressure, are difficult to deter- 
mine directly and are usually calculated from equation (1). 

Many measurements have been made of osmotic potentials 
of plant cells or juices. The values range from about 1 atm. to 
as hkh as 200 atm. Aquatic fresh-water plants are at the lower 
extreme, plants growing in soils of high salt content are at the 
upper extreme. It may be asked how a plant cell can withstaM 
such high values, since a pressure of 1 atm. is about 15 lb. 
per in.^ But it must be realized first that these values are po- 
tential, not real, pressures (except in the case of aquatics and 
the roots of land plants where osmotic equilibrium or near 
equilibrium prevails). The only real pressures are the wall 
pressure and turgor pressure. It is the latter that may con- 
ceivably rupture the ceU wall. A turgor pressure of 10 atm., 
for instance, means a pressure of 150 lb. per in.^ on the cell wall. 
But since the cell wall has such a small area, this may mean a 
very small force, e.g. 0.0003 lb. on the whole surface of a cell 
about 20 m in diameter. 
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Chapter 7 

PERMEABILITY 

The osmotic potential difference between a cell and its ex- 
ternal solution controls not only the direction of movement 
of water but also the rate. But a reconsideration of the factors 
controlling rates of diffusion reveals that this does not take into 
account the permeability of the cell to the water. Of course, the 
statement that the cell is semipermeable implies that it offers 
no resistance to the movement of water. That this is not 
strictly true can be shown by allowing a collapsed but still 
living cell to expand in water. The wall expands ahead of the 
protoplasm (Fig. 16), showing that the cell wall is more perme- 
able to water than is the protoplast. 



( 3 ) 


Fig, 16. Expansion of a collapsed (i.e,, dried) living cell: (1) in water, 

(2) in air, (3) immediately after transfer from air to water. Final stage as 
in (1). (After Iljin) 

The concept of semipermeability also implies that the solute 
cannot diffuse into the cell at all. This is true only in the case 
of some solutes. A great many others will penetrate the living 
cell, though usually less rapidly than water. In the case of all 
these solutes, the rate at which they enter the cell will depend 
not only on the concentrations of the solutes inside and outside 
the cell but also on the permeability of the cell to them. 

Since the cell wall is a hydrophilic gel, diffusion of solutes 
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through it is usually unimpeded. This is evident from the fact 
^hypertonic aqueous solutions of all nontoxic so utes cause 
rapid plasmolysis of a living cell, as long as the cell is less perme 
able to the solute than to the solvent. Smu arly, if dyes to 
which the protoplasm is normally impermeable (or nearly so) 
are injected into protoplasm, they diffuse freely and rapid y 
SrouLut the layer. Finally, there is nothing to prevent iree 
diffusion of solutes throughout the cell sap, once ey ave 
elred the vacuole. But the same dyes that diffuse readily 
throughout the protoplasm fail to leave it either by diffusing 
out tLugh the wall or into the vacuole Thus the only im- 
pediments to free diffusion throughout the cell are the two 
protoplasmic surfaces, the so-called plama mem^anes. The 
inner one is sometimes called the tonoplast. These surface 
layers differ from the main body of the protoplasm in their 
highly lipid (fatty) nature. As a result, they slow up and in 
mLy cases completely prevent the passage of solutes in either 
direction. Thus the plasma membranes are responsible tor the 

semipermeability of the hving cells. , r n j. 

A simple method of determining the permeability of cells to a 
solute is to plasmolyze them with a hypertonic solution of the 
substance. If the solute penetrates, deplasmolysis will occur, at 
a rate proportional to the permeabihty of the cell to the sub- 
stance. Another method is to place the cell in a solution and 
after a definite time to analyze the cell sap quantitatively for 
the solute This is most easily done with large-celled algae 
(e.g. species of Chara, Nitella, Valonia, etc.) from individual 
cells of which as much as a milliliter of sap can be removed. 
One of the most sensitive and rapid methods now available is 
to use a radioactive substance and to measure the increase in 
radioactivity of the cell sap or protoplasm. In this way it has 
been shown that radioactive P, Na, and K penetrate much 
more readily into the protoplasm than into the vacuole 

(Brooks). 

By means of such methods, it can be shown that gases pene- 
trate freely, all small molecules rapidly. This holds true as long 
as the molecular weight is not greater than 50-60 (e.g., water, 
ethyl alcohol, ethylene glycol). Electrolytes appear to be ex- 
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ceptions. Though in many cases their molecules are small, they 
penetrate slowly or not at all (e.g., NaOH). But it must be 
remembered that electrolytes dissociate into ions which are 
highly hydrated and therefore form rather large particles 
(larger than the undissociated molecules) since each ion must 
diffuse together with its shell of water molecules. The charge of 
the ions may perhaps also impede penetration. As a result, weak 
acids and bases penetrate more rapidly than strong acids and 
bases, because the former consist mainly of undissociated and 
therefore unhydrated (and uncharged) molecules. The solubil- 
ity of the undissociated electrolytes in the membrane is also 
greater than that of the ions. 

In the case of nonelectrolytes, each substance penetrates at a 
rate essentially independent of the presence of other substances. 
In the case of-' electrolytes this is far from true. Monovalent 



Fig. 17. Penetration of K into cytoplasm indicated by vacuole coniractim. 
This is due to the increased hydrophily of the cytoplasm, causing move- 
ment of water from the vacuole (normally practically filling the cell — see 
Fig. 1) to the cytoplasm (normally an almost invisibly thin layer). 


cations penetrate much more rapidly from single salt solutions 
than when a salt of a divalent cation is also present. In fact, 
single salt solutions may be toxic though the t-wo-salt solutions 
are quite harmless. Thus a solution of KCl or NaCl or other 
salts of K and Na may cause swelling of the cytoplasm following 
rapid penetration, and vacuole contraction due to transfer of 
water from the vacuole to the swelhng cytoplasm (Fig. 17.) 
This may eventually lead to injury or death. If, however, one- 
tenth as much CaCh is added to the KCl or NaCl solution, no 
such extreme swelling occurs, and the cells may remain alive 
for days. This is because the CaCla reduces or prevents the 
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penetration of the KCl or NaCl. Such effects of ions on each 
other are known as antagonism. The nontoxic solution of the 
two salts is called a balanced solution. It is interesting to note 
that, as mentioned above in the case of radioactive P, Na, and 
K, the KCl and NaCl penetrate the cytoplasm rather readily 
in singlpi salt solutions, but do not seem to enter the vacuole. 
This indicates a difference in permeability between the outer 
and inner plasma membranes, at least for electrolytes. 



Fig. 18. Permeability of Chara cells to various organic nonelectroiytes. 

Molecular size indicated by the number of circles. (After Collander) 

The permeability of cells to large molecules (i.e., with mo- 
lecular weights above 50-60) varies from complete permeability 
(instantaneous penetration) to zero permeabihty, depending on 
the substance. Those large molecules that are lipid- (fat) soluble 

Lipid 


Hydrated protein 


Fig. 19. Simplified diagram of the possible 
submicroscopic structure of the plasma 
membrane. (After Scarth and Lloyd) 
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penetrate rapidly, the naore lipid-soluble the more rapid the 
penetration (Fig. 18). These results, taken in conjunction with 
the above-mentioned rapid penetration of small molecules that 
are not lipid-soluble, has led to the suggestion that the semi- 
permeable membrane is a lipid-sieve; that is, it consists of 
relatively large fatty particles separated from each other by 
much smaller aqueous pores (Fig. 19). Lipid-soluble molecules 
of any size would pass readily through the fatty particles, and 
only the smallest lipid-insoluble molecules would pass through 
the aqueous pores. But this concept is undoubtedly an over- 
simplification (see Davson and Danielh). 
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Chapter 8 


ABSORPTION 


Solutes 

The absorption of solutes by living cells may sometimes 
follow the laws of diffusion and permeability already discussed. 
But there is a whole group of substances whose penetration into 
living cells cannot be accounted for on this basis, substances 
with molecular weights greater than 50-60 but that are in- 
soluble in lipids. This includes many of the substances most 
important to the plant, i.e., sugars and many inorganic salts. 
That these substances do, indeed, fail to penetrate cells in 
sections of tissue is shown by the fact that one can plasmolyze 
the cells in solutions of dextrose or CaCb and no deplasmolysis 
will occur even over a period of 24-48 hours. On the other hand, 
that they do penetrate the living cells of the unsectioned plant 
can be shown by feeding them to the roots or even by immersing 
tissue slices (e.g., potato tuber, carrot roots, etc.) in these solu- 
tions and bubbling air through the solutions. In periods of 
24-48 hours very considerable amounts will go into the living 
cells. This absorption is something more than the result of 
diffusion and cell permeability. 

Further evidence that absorption is not simply due to dif- 
fusion is the fact that it commonly occurs against a concentra- 
tion gradient. But this may sometimes be more apparent than 
real. Thus living cells continue to accumulate dyes such as 
neutral red from a pale solution until the cell sap is intensely 
colored, due to adsorption of the dye by colloidal tannin par- 
ticles in the vacuole. As a result, little of the dye remains in 
solution in the sap, and movement into the cell is according 
to the laws of diffusion, from a higher concentration outside 
to a lower concentration (in true solution) inside the cell. On 
the other hand, free ions are usually accumulated by living (and 
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particularly by actively growing) cells until they are present in 
much higher concentrations in the cell sap than in the sur- 
rounding medium (Table 9). 


Table 9: Ratio of sap concentration to concentration 
IN THE SURROUNDING MEDIUM [After Osterhout] 



Valonia 

Nitella 


macrophysa 

clavata 

Ion 

(in sea water) 

(in pond water) 

Cl 

1,03 

100.5 

Na 

0.18 

46.1 

K 

41.6 

1065.1 

Ca 

very small 

13.2 

Mg 

very small 

10.5 

SO 4 

0 

25.8 


The presence of large protein ions inside the protoplasm is 
capable of accounting for a moderate accumulation of indi- 
vidual ions in the cell. The large, negatively charged protein 
ions (anions) cannot pass through the plasma membrane, 
whereas the inorganic ions both of the same sign (anions) and 
of opposite sign (cations) can, at least under certain conditions. 
The protein anions inside the cell must be electrically balanced 
by enough cations to supply an equal number of opposite 
charges. If now the cell is bathed in a solution containing the 
same kind of cation as is inside the cell, plus an anion not found 
inside the cell (or present there in lower concentration) , the new 
anion will tend to diffuse in. But electrical balance must be 
maintained; consequently for each anion that diffuses in, a cat- 
ion of equal charge must also be dragged in. Simple diffusion 
equilibrium therefore cannot prevail and the cation will reach 
a concentration inside the cell greater than outside the cell. On 
the other hand, the anion diffusing into the cell will reach a 
concentration less than that outside the cell. This equilibrium 
that is controlled by electrical as well as diffusion phenomena 
is known as the Donnan equilibrium. 

But the ion accumulation in plant cells is many times too 
great to be accounted for in this way, and furthermore there is a 
simultaneous accumulation of oppositely charged ions (Table 9, 
Nitella). Consequently, neither the kinetic (diffusion) energy 
nor the electric (Donnan equilibrium) energy of the ions is 
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capable of explaining this type of absorption. From the laws of 
thermodynamics, it therefore follows that some other kind 
of energy must be responsible for it. Since the only other source 
of energy available to the plant is from the respiratory process, 
it is not surprising that the rate of absorption against a con- 
centration gradient is proportional to the respiratory rate 
(Table 10). Recent results have also shown that respiratory in- 
Mbitors prevent this kind of absorption and permit only that 
due to diffusion. 


Table 10: Absorption of KBr from 0.00075 N solution by carrot discs 
[After Steward, Berry, and Broyer] 


Per cent O 2 
2.7 
12.2 
20.8 
43.4 


Relative 
respiration rate 
43 
78 
100 
106 


Relative 
K absorption 
22 
96 
100 
117 


Relative 
Br absorption 
42 
86 
100 
118 


Since substances can be absorbed in two different ways we 
can call the two passive and active absorption* respectively. 
Passive absorption is due to diffusion and therefore follows 
diffusion or Donnan equilibrium gradients. Active absorption 
occurs against concentration (and Donnan equilibrium) gradi- 
ents and at the expense of respiratory energy. It is because of 
this active absorption that the plant is able to accumulate large 
quantities of mineral nutrients from very weak solutions. If, 
however, the cells are deprived of O 2 , not only are they rmable 
to accumulate ions, but they will actually lose much of what 
they had previously accumulated. This shows that respiratory 
energy is needed not only to accumulate the ions but also to 
maintain them in the cells. Thus the plasma membrane may be 
visualized as a microsieve, through which the accumulated ions 
are constantly leaking out. Only if the living cell has a pumping 
system, capable of pumping the ions back into itself as rapidly 
as they are leaking out, can these high concentrations be main- 
tained. This, however, probably applies only to the ions in the 
protoplasm. Those in the vacuole cannot be so easily lost. 

It follows that in order for cells to grow and multiply (and in 

* These two terms have also been used in a different sense (see p. 65). 
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many cases even to stay alive) they must possess the ability to 
absorb actively. Though most of the experimental work has 
used electrolytes, there is. some evidence that this is also true 
of nonelectrotides such as sugars, though recent work seems to 
indicate that they must first be converted to sugar phosphates 
before they can be absorbed (Street and Lowe). On the other 
hand, the living cell cannot actively absorb substances that are 
highly lipid-soluble, since it would require too much energy to 
do so; these substances would “leak” through the plasma mem- 
brane so rapidly that it would be like keeping a large-pored 
sieve full by pumping the water back as fast as it leaked out. 

In spite of the fundamental importance of the process, the 
mechanism is not well understood. It seems to involve first an 
adsorption of the ion on the cell surface. This does not require 
respiratory energy, and can occur as rapidly at low tempera- 
tures (0°C.) as at normal growing temperatures. The adsorbed 
ions are then actively transported across the plasma membrane 
and into the protoplasm by a process linked with respiration, 
possibly due to the reversible oxidation and reduction of a 
respiratory enzyme containing ionizable iron (Lundegardh). 
This active transport can occur only at temperatures normal 
for growth. 

Water 

As in the case of solutes, according to the laws of diffusion, 
water should enter a cell from any medium in which the water 
molecules have a higher activity (or free energy). Thus, in 
order for water to diffuse from the root medium through the 
root epidermis, cortex, endodermis, pericycle, and finally into 
the vessels, it must follow an osmotic gradient (Fig. 20). The 
living cells would affect such water movement by maintaining 
this osmotic gradient (due to the semipermeable plasma mem- 
branes) and by giving rise to wall pressure which affects the 
diffusion of the cell water. The osmotic potential difference 
would be represented by osmotic potential of vessels minus os- 
motic potential of external medium (since the vessels are non- 
living cells and have no wall pressure). The hydrostatic pressure 
due to this difference is known as the root pressure. 
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But how can this root pressure be maintained? Since the 
vessels are nonliving cells, they do not possess semipermeable 
membranes. It might therefore be expected that the solutes m 
the vessels would diffuse through the walls into the walls of 
adjacent cells, and from cell wall to cell wall until they leaked 
out of the roots into the surrounding medium. This leakage is 
believed to be prevented by a hollow cylinder of cells, one row 
thick, surrounding the central stele (i^ w^ch the 
located) and known as the endoderrms (Big. 20, G). The endo- 
dermal cells have lateral waUs that are impermeable to water 
because of impregnation with fatty substances Sometimes the 
fatty substances form a ribbon around the cell wall kn^n as 
the Casparian strip. These endodermal cells are ahye. There- 
fore in order to pass through them, substances would have to 
penetrate the semipermeable protoplasm, since they cannot 
leak through the lateral fatty cell wall unless they are fat- 
soluble. Even when these cells are plasmolyzed, the protoplasm 

remains attached to the lateral walls (Fig. 20). 

A second factor that would oppose maintenance of root 
pressure is dilution of the vessel sap by the water entering the 
vessels. This would have to be opposed by more rapid absorp- 



Fig. 20. Osmotic gradient in roots from 
root hair (cell A) to vessel (cell M). 
Water enters by moving along this 
gradient. Plasmolysis of two endoder- 
mal cells is shown to illustrate the 
strong adhesion of the protoplasts to 
the Casparian strips. (After Priestley) 
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tion of solutes than of water, in order to insure a higher con- 
centration in the vessels than in the root medium. Or there 
might also be an actual secretion of solutes (e.g., salts or sugars) 
into the vessels from the adjacent living cells. Thus active 
absorption or active secretion of solutes must accompany ab- 
sorption of water if root pressure is to be maintained. 

Recent results have clearly demonstrated the need of oxygen 
for maximum water absorption by roots (Rosene). This is not 
surprising, in view of the need for active absorption of solutes 
in order to maintain root pressure. The active absorption of 
water itself is highly improbable except in very small amounts, 
since the water would “leak” out so rapidly by diffusion that 
enormous amounts of respiratory energy would be needed to 
maintain the gradient (Levitt). 

Some aspects of root pressure remain to be explained. Though 
a diffusion gradient does normally exist between the external 
medium and the vessel sap (i.e., the vessel sap does have a 
higher osmotic potential than the soil solution) and though a 
cell to cell gradient has been found from the epidermis to the 
endodermis, yet the gradient apparently reverses itseff from the 
endodermis to the vessel sap. Several explanations for this phe- 
nomenon have been suggested (e.g., active absorption of solutes 
by the endodernais) but experimental evidence is inconclusive. 
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Chapter 9 


ASCENT OF SAP 

After the water has entered the roots, it rises to all parts of 
the plant. This process is known as the ascent 0 / sap. Since 
diffusion is much too slow to account for the rates that com- 
monly occur, a mass movement must be involved; the whole 
column must move simultaneously, instead of by molecular 
movement. Simple calculations reveal that the force required 
to lift the water to the top of the tallest trees is large. In the 
case of a 300-foot tree a pressure of 10 atm. is just sufficient to 
support the column of water; and in order to overcome fric- 
tional resistance, according to the available experimental evi- 
dence, about another 10 atm. is needed if the water is actually 
flowing through the tree. Since measurements of the root pres- 
sure of trees usually yield values of only 1-2 atm., the ascent of 
sap in tall trees cannot be due to root pressure. Some higher 
values have been obtained, e.g., 6 atm. in the case of tomato 
roots, and it is possible that the normal value may sometimes 
be higher than the commonly recorded values, though there is 
no good evidence of this. 

The most conclusive evidence that the ascent of sap is not 
commonly due to root pressure is the fact that negative instead 
of positive pressures usually exist in the xylem (the water- 
transporting tissue). This is shown by the absorption of water 
through bore-holes in tree trunks. If such holes are connected 
by a siphon to an elevated bottle of water, as much as a gallon 
can be absorbed over a 24-hour period by an average-sized 
apple tree on a warm summer day. On the other hand, when 
root pressure is operative, sap exudes from such bore-holes. 
The only time such positive pressures occur in the xylem is 
when the leaves are not on the plant (in the case of deciduous 
plants) or when the plant is in a saturated or near saturated 
condition. In the latter case, water may actually be exuded 
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from the leaves. This phenomenon is known as guttation and 
it may be stopped by reducing the root pressure, for example, 
by watering the soil with a sugar or salt solution, thus in- 
creasing the osmotic potential of the root medium. 

That the negative pressure (or tension) increases during the 
day can be shown by use of a sensitive instrument known as a 
dendrograph. This measures the diameter of the tree trunk and 
reveals a definite contraction dxiring the day, an expansion at 
night (Fig. 21). 

June 27, 1921 


20 

10 


Fig. 21. Daily expansion and contraction of a redwood tree, amplified 
10 times; m = noon, pm == midnight. (After MacDougal and Shi-eve) 



Thus the ascent of sap is usually associated with a pull from 
above rather than a push from below. It is easy to calculate 
whether this can be explained by a capillary pull in the vessels, 
for 

rdg 


h 


where h = height (cm.) supported in the capillary tube 
S = surface tension of liquid (dynes per cm.) 
r = radius of tube (cm.) 
d = density of liquid (g. per cm.®) 
g = acceleration due to gravity (980 cm. per sec.®) 


A vessel diameter of 0.1 mm (0.01 cm.) would account for 
only a 30 cm. rise. But it is not in the vessels themselves that 
the main capillary pull occius. Since this is a surface tension 
phenomenon, the pull must occur at the water surface, and 
since the'water system of a plant is continuous from the lowest 
roots to the highest leaves, the upper surface of the water col- 
umn is in these leaves. It must, therefore, be at the outer surface 
of the leaf (mesophyll) cells that are in contact with the inter- 
cellular spaces, i.e., in the microcapillaries of their walls. Since 
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these microcapillaries are so fine that they cannot be seen with 
the ordinary optical microscope, their diameters must be less 
than 0.1 M- Using this value in the above equation for capillary 
height, we find that these microcapillaries are capable of exert- 
ing sufficient pull to support a water column 300 meters high — 
three times the height of the tallest trees ! 

Unfortunately, physicists have not determined within what 
limits the above equation holds. Some go so far as to state that 
the rise is basically a push from below by atmospheric pressure 
and therefore cannot exceed 30 feet. But this concept is easily 
shown to be incorrect, since the capillary rise occurs just as 
readily in a vacuum. The classical Askenasy experiment has 
shown that the rise in purely physical systems can be two to 
three times that due to atmospheric pressure. But such experi- 
ments are difficult to perform and have not succeeded in dupli- 
cating the rise of hundreds of feet in tall trees. The theoretical 
concept is shown in Fig. 22. The following three stages in the 
process may be distinguished: (1) transpiration (the evapora- 
tion of water) from the surface of the microcapillaries; (2) cap- 


Water threads in microeapiHaries 



Fig. 22. Schematic diagram of the cross section of a mesophyll cell wall. 

For simplicity the capillaries are shown far apart, enlarged, and at right 
angles to the ceil wall. The capillary pull occurs at the surface of the water 

threads. 

illary rise of water threads due to the force of adhesion between 
the water and? the cell wall (i.e., the force of imbibition) ; 
(3) the whole column of water moves en masse because of the 
force of cohesion between the water molecules. These three 
stages, of course, occur practically simultaneously. This con- 
cept is known as Dixon's cohesion theory of the ascent of sap, 
after the physiologist who first proposed it. 

But even when it is stationary, a column of water 100 m. high 



64 


ASCENT OF SAP 


is subjected to a gravitational pull of 10 atm., and if the above 
reasoning is correct, this is counteracted by an upward surface 
tension pull of 10 atm. The column is therefore being subjected 
to a powerful force tending to break it. The question is whether 
a liquid such as water has sufficient tensile strength to resist 
the pull without rupture, and whether the force of attraction 
between the water and the vessel wall is sufficient to prevent 
separation from the wall. In other words, are the forces of 

cohesion and adhesion adequate? 

Physical chemists have shown experimentally that pure 
water has a cohesive force of hundreds of atmospheres (theo- 
retically about 1000). But the water in the vessels is not pure. 
Besides sohds, gases are present in solution. The reduction in 
pressure due to the capillary pull may therefore reduce the 
solubility of these gases until they separate from the liquid, 
causing rupture of the column. Under conditions of excessive 
tension, vessels have in fact been found to become gas-filled. 
But since there are many columns of vessels side by side, it is 
not necessary for all of them to be continuous, and therefore 
the temporary filling of some vessels with gas may not be in- 
jurious. When the tension is relieved, by rain or simply at 
night, the gases go back into solution, and the column becomes 
continuous again. 

Because of its relation to transpiration (or evaporation), the 
capillary pull is sometimes called transpirational pull. Thus the 
whole column is pulled upward en masse as though it were a 
solid wire. This pull would, of course, be still greater than 
the forces needed simply to support the column, since the 
moving column must also overcome the frictional resistance to 
movement. Since the column of water moves en masse, this 
means that the transpirational puU is transmitted from the 
microcapillaries in the mesophyll cell walls to the protoplasm 
and vacuole, to the adjacent cells, and to the nearest vessel. 
It is transmitted down the vessels ^ through the leaf blade, 
petiole, stem, and all the way to the roots. From the base of the 
vessels in the roots the pull is transnaitted through the adjacent 
cells to the epidermal cells and even to the medium surround- 
ing these cells, i.e., solution or soil particles. Thus the tran- 
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spirational pull is responsible not only for the movenaent of 
water within the plant, but also for absorption of water from 
the root medium. When the transpirational pull is pronounced, 
it follows that diffusion plays little or no role in the absorption 
of water (Kramer). 

This has led to use of the term active absorption for water 
absorption due to root pressure, and passive absorption for that 
due to transpirational pull. This use of the terms is very differ- 
ent from that of the previous chapter, and is less desirable, 
since active implies an association with respiration. 

The mass movement of water under tension in the plant is 
rapid, as can be shown by cutting the stem of a wilted plant 
under water. Recovery occurs more rapidly than if the roots 
of the intact plant are watered. This illustrates the fact that 
though nearly the whole path of water movement is through 
dead vessels, the few living cells in the root offer a greater re- 
sistance to movement than do the vessels. This is no doubt due 
to the retarding effect of the semipermeable plasma mem- 
branes, which are considerably less permeable to water than 
are the cell walls. The resistance to flow in the vessels is due 
simply to the low frictional resistance or viscosity of the water 
itself. 

Tensions in the vessels of up to 100 atm. have been reported. 
This points to the need of thick-walled cells, in order to prevent 
a collapse that would close the cavity, stopping the flow of 
water. The rate of water movement varies greatly, but speeds 
as high as 75 cm. peijmin. have been recorded (Huber). Since 
water movements occur only in a relatively narrow zone of the 
sapwood (the heartwood vessels are blocked by growths known 
as tyloses and by resins) it is here that the tension is localized. 
This means that when tensions are high, the vapor pressure of 
the water in the sapwood is markedly reduced below that in 
the heartwood. As a result, there is evidence that water distills 
from the heartwood to the sapwood on a hot summer day 
(Reynolds). 
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Chapter 10 


TRANSLOCATION OF SOLUTES 


Though the aim of physiology is to explain all living processes 
in terms of physics and chemistry, this goal has in most cases 
not yet been reached. As a result, it is frequently necessary to 
give a number of possible explanations (hypotheses) and to 
attempt to evaluate each on the basis of physical and chemical 
theory, together with the available physiological evidence. 
Sometimes it is possible in this way to exclude all the hy- 
potheses except one. This has been done in the case of the 
ascent of sap. Thus, though several explanations have from 
time to time been proposed for the phenomenon, all except the 
cohesion theory have been conclusively disproved. In an ele- 
mentary course there is no time to discuss these disproved 
theories, and the cohesion theory is accepted, not because it is 
conclusively proved, but because it and it alone agrees with the 
known facts. In the case of the translocation of solutes, how- 
ever, the evidence does not permit acceptance of any one hy- 
pothesis. This has led to more controversy than in almost any 
other field of plant physiology. In the present state of uncer- 
tainty it is therefore necessary to examine more than one 
theory, together with the evidence on which each rests. 

There are two principal translocatory systems in the plant, 
the xylem vessels and the phloem sieve-tubes. These two sys- 
tems are quite different both morphologically and physiologi- 
cally. The sieve-tubes are thin-walled, living cells, the vessels 
thick-walled, dead cells. Because they are alive and therefore 
semipermeable, though some workers beheve their permeabihty 
is abnormally high (see Crafts), the sieve-tubes must possess 
turgor pressure. That this pressure is normally high is to be 
expected from the high osmotic potential of the sieve-tube sap 
(15-34 atm.) and from the fact that the cells are normally near 
full turgor due to the close proximity of the vessels with their 
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sap of low osmotic potential. Thus in a transpiring plant, 
though the vessels are slightly collapsed by the tension, the 
sieve-tubes may still be distended by their turgor pressure. As 
a result, a cut across the stele causes exudation (“bleeding”) 
from the sieve-tubes, absorption by the vessels. Of course, a 
high rate of transpiration and relatively low rate of absorption 
by the plant may result in a sufficiently severe tension on the 
vessels to reduce the sieve-tube turgor to zero. Under these con- 
ditions, no exudation is possible. 

Though the ascent of sap was long ago conclusively shown to 
occur in the xylem vessels and tracheids, the path of solute 
movement has been the subject of considerable controversy. 
According to the classical concept, mineral substances are car- 
ried through the xylem vessels by the ascending sap, but or- 
ganic substances move in the phloem sieve-tubes. There is 
much indirect evidence for this view. Analysis of the xylem 
sap (obtained by centrifuging) reveals the presence of inorganic 
salts (Table 11). On the other hand, sieve-tube exudate consists 
mainly of sugars (Table 12). The concentration of total solutes 



Fig. 23. Free reducing substances and sucrose in tracbeal sap of pear 
branches. (After Anderssen) 
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may be 15-30 per cent, of which 60-90 per cent may be sucrose. 
Most of the rest is organic nitrogen, though Ca, Mg, and K 
may be present in significant amounts (Table 12) and P (though 
not Ca) has been found in the phloem exudate by Mason and 
Phillis. Sugar may reach a relatively high concentration in the 
xylem, at least during spring (Fig. 23). 

Table 11: Analysis op tracheal (vessel) sap of pear 
[After Anderssen] 

Pm'ts per million in sap 


Element 

Nov, 10 

May 10 

Ca 

16,6 

84.7 

Mg 

0.8 

23.5 

K 

23.6 

69.6 

Fe 

1.0 

2.1 

SO 4 

8.3 

31.8 

Cl 

3.2 

4.5 

PO 4 

10.6 

25.2 


Table 12: Analysis of phloem exxjbate op Robinia 
PSEUDO-ACACIA DURING AUGUST [After Moose] 


Element or substance 

mg. per cc. 

Ca 

0.72 

Mg 

0.38 

K 

0,95 

Li 

trace 

Reducing sugars 

0.51 

Sucrose 

199.94 

Total sugars 

200.45 

Nitrate nitrogen 

0,135 

Total nitrogen 

0.56 


These and many other apparently contradictory facts have 
led many physiologists to re-examine the classical concept of 
solute translocation. It was even suggested that all substances, 
both organic and inorganic, move in the xylem. But this con- 
cept has since been proved wrong. Thus Mason and Maskell 
showed by direct analyses that sugars and organic nitrogen 
move in the phloem. The usually rapid ascent of the xylem sap 
precludes the possibility of accounting for the normal down- 
ward movement of these solutes, which has been estimated to 
be at least 10 cm. per hr., with values as high as 100 cm. per hr. 
Curtis, on the other hand, has championed the phloem as the 
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xtiSiin psitli of ixiov6ni6iit of S/ll solutoSj inorgs-nic SjS well 3^s 
organic. And it must be admitted that inorganic substances fre- 
quently do move in a direction opposite to the transpiration 
stream (see below). Nevertheless, whatever substances are in 
the xylem must be carried along in the ascending sap, so it is 
not possible to preclude the xylem as at least one path of move- 
ment for solutes, particularly the inorganic substances that al- 
ways seem to be present in the xylem sap. 

Most of the evidence has been obtained by ringing the stem 
or by separating the bark from the wood, or by cutting the 
wood. Such methods have consistently shown that both sugars 
and organic nitrogenous substances move in the phloem. If 
introduced into the transpiration stream they can, of course, 
move via the xylem, but this normally occurs primarily only 
in the spring. The general effects of ringing have long been 
known, e.g., the accumulation of carbohydrates above the ring, 
and such effects have been explained as due to movement of 
sugars in the phloem. 

Similar methods have been used to follow the movement of 
inorganic substances, but with conflicting results. Mason, 
Maskell, and Phillis conclude that the xylem is the main path 
of movement of inorganic substances; Curtis concludes that it 
is the phloem. Curtis has suggested that the path of movement 
of soil substances may possibly depend on several factors, such 
as the quantity available. When this is high they may move in 
the xylem, when it is low they may move in the phloem. But 
there are other possible explanations for the differences ob- 
tained by these two groups of workers. 

Recently, some conclusive evidence has been obtained by use 
of a research tool that has become available to the biologist only 
in the past decade and a half. This is the radioisotope, &n ele- 
ment that enaits radiations but has the same chemical proper- 
ties as the normal, stable isotope. By means of these radiations, 
the element can be detected and measured quantitatively even 
when present in extremely minute amoimts. With the aid of 
such substances. Stout and Hoagland conclusively showed that 
inorganic substances move up the plant in the xjdem (Table 13) . 
These results also revealed one source of difficulties. Whenever 
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bark and wood were left in normal contact, the substances 
moved readily into the phloem from the xylem. The substances 
in this way reached relatively high concentrations in the 
phloem both above and below the region of separation of bark 
from wood, sometimes even higher than in the adjacent xylem. 
Yet the extremely low concentrations in the separated phloem 
revealed that no movement occurred up or down the phloem 
other than that due to simple diffusion. 


Table 13: Upwaed movement of eadioisotopes fed to the hoots of willow 
and geeanium (5 ml per 1). Bark stripped from wood 134 hours before 
feeding [After Stout and Hoagiand] 




WiUow 


Geranium 


(Gain of K, 5 hr, 
after feeding) 


(Gain of PO.i, 6 hr, 
after feeding) 


Bark 

Wood 


Bark 

Wood 





270 

860 




S8 

9.0 

112 


53 

47 

S7 

0.5 

120 

S6 

U.6 

119 

S6 

0.6 

132 

S5 

0.9 

122 

S5 

0.8 

138 

S4 

0.7 

112 

S4 

<0.3 

147 

S3 

<0.3 

98 

S3 

<0.5 

137 

S2 

<0.3 

108 

S2 

<0.3 

152 

SI 

20 

113 

SI 

11.1 

131 


84 

58 


316 

442 


But even these experiments must be accepted with some 
reservation. As in all such techniques, injury to the bark is 
difficult to preclude completely, and their results do not prove 
that movement of these substances cannot also occur in the 
phloem. In fact, later results conclusively showed that they 
can. Thus Biddulph and Markle injected radiophosphorus into 
leaves of cotton plants having bark and wood separated as in 
Stout and Hoagland’s experiment. In this case movement was 
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downward instead of upward. They found that it moved only 
via the phloem, and at rates in excess of 21 cm. per hour (Table 
14) . As in Stout and Hoagland’s experiments, the radioisotope 
was able to move from one tissue to the other when the two 
were left in contact. These results also seem to disprove any 
suggestions of injury to the phloem in Stout and Hoagland’s 
experiments. For if separation of the phloem from the xylem 
fails to prevent downward movement in the phloem, it is 
hardly Hkely to prevent upward movement. 

Table 14: Downward movement of radiophosphorus injected 
INTO A LEAF OF A COTTON PLANT. Leaf Strip iuimersed in solution 
for 5 minutes, then in water. Bark stripped as in Table 13 
[After Biddulph and Markle] 

fig. PO4 in stripped fig. PO4 in unstripped 


stem after 3 hr. stem after 1 hr. 


Bark 

Wood 

Bark 

Wood 


.0.904 


.0.444 

0.684 

0.004 

0.160 

0.055 

0.544 

0.000 

0.103 

0.063 

0.120 

0.019 

0.055 

0.018 

0.123 

0.002 

0.026 

0.007 


0.160 0.152 


Without the help of radioisotopes, Mason, Phillis, and 
Maskell had earlier produced evidence that N, P, K, S, Mg, 
and Cl are phloem mobile in a downward direction, but that Ca 
is not. More recent results have confirmed this immobihty of 
Ca in the phloem (see Arisz). Thus we are forced to admit that 
inorganic substances may move both in the xylem and the 
phloem; but the available evidence favors the view that up- 
ward movement of these substances is primarily, if not solely, 
in the xylem, downward movement probably solely in the 
phloem. Since by far the greater part of the movement of 
these substances is in the upward direction, this would assign 
to the xylem the main path of movement of inorganic sub- 
stances, whereas the phloem is normally almost the sole path of 
movement of organic substances and the path of downward 
movement of all solutes. The classical concept is therefore 
reasonably near the truth. 

As to the mechanism of movement in the phloem, two prin- 
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cipal theories have been proposed: (1) the mass flow, or more 
correctly pressure flow theory, since both theories imply a mass 
flow as opposed to a molecular (diffusion) movement (for argu- 
ments in its favor see Crafts), (2) the cytoplasmic streaming 
theory (for defense of this theory see Curtis and Clark). The 
first of these was proposed by Munch in 1926. He thinks of 
translocation in the plant as a kind of circulation analogous to 
that of the bloodstream, with the mesophyll cells in the leaves 
acting as a kind of heart. Water and salts move up the xylem, 
organic substances down the phloem, and an osmotic mecha- 
nism controls the latter (Fig. 24). As a result of photosynthesis, 
the osmotic potential of the mesophyll cells at the top of this 
circulatory system is maintained high, even though some sol- 
utes are being exported down the phloem. Due to the upward 


Fig. 24. Diagrammatic representa- 
tion of pressure flow theory. (After 
Miinch) 


H2O H2O 

movement of water in the xylem, the water content is main- 
tained at a high level. These two factors combine to 3field a high 
turgor pressure in the mesophyll cells. Small pores known as 
pits occur in the cell wall through which cytoplasmic strands 
knov/o. as plasmodesmata connect these mesophyll cells with 
each other, and ultimately with the sieve-tubes. Through these 


CO, 




H20 


Meso] 






Root 


cells 


Water movement 

> ■■ ■> COa movement 

Sugar movement 
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the turgor pressure succeeds in forcing some of the cell solution 
into and down the sieve tubes. The loss of solutes from the 
mesophyll cells would then be compensated for by newly syn- 
thesized organic substances, the loss of water by movement 
from the xylem. Excess water forced into the phloem stream 
would be “squeezed” laterally through the cambium into the 
xylem as the solutes are conducted downward. Movement in 
the phloem would then always have to be from a region of high 
to one of low turgor pressure. It could therefore occur in an 
upward direction from storage tissues. But at any one time, all 
substances would have to move in the phloem in the same 
direction. Movement would also depend on the existence of 
open plasmodesmata between all hving cells. There are many 
other factors that have to be taken into account in evaluating 
the Munch “Druckstrom” theory. The strongest experimental 
evidence in its favor is the existence of exudation pressure in the 
phloem. That the Miineh theory must at least be modified is 
indicated by the fact that the osmotic potential of the sieve- 
tubes is greater than that of the mesophyll cells (see Arisz). 

The second theory was suggested by De Vries and in more 
recent years championed by Curtis. According to this concept, 
movement is due to a combination of diffusion and cytoplasmic 
streaming. Diffusion would occur from sieve-tube to sieve-tube 
across the intervening cell wall. Within the sieve-tube, the sub- 
stances that have diffused in from the cell above would be 
carried downward by the cytoplasmic stream; those that dif- 
fused in from the cell below would be carried upward by the 
same cyclic stream. Thus this theory accounts for the known 
movement of substances along concentration gradients, and for 
the apparent fact that two substances can be simultaneously 
translocated in opposite directions (Mason and Phillis, Palm- 
quist) . By use of C“ and P®^ Chen has recently produced strong 
evidence of the simultaneous movement of carbohydrates and 
phosphates in opposite directions. But in view of results of 
Stout and Hoagland (Table 13), the P^^ may have moved up 
in the vessels and laterally to the sieve-tubes. There is evidence 
from other sources that some organic substances can be trans- 
located only in the same direction as sugars, for example, the 
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weed killer 2,4-D and viruses. Several other objections have 
been raised against the cytoplasmic streanodng theory, though 
some at least are no longer valid. Thus it was stated that no 
streaming occurs in sieve-tubes. But careful technique has suc- 
ceeded in demonstrating that it does occur (see Crafts, Curtis 
and Clark). Perhaps the most difficult point to reconcile with 
this theory is the fact that the phloem exudate is apparently 
cell sap and not cytoplasm, yet it contains high concentrations 
of the translocated substances (Table 10). This would seem to 
indicate that translocation is via the vacuole rather than the 
cytoplasm. 

We are forced to conclude that neither theory is in full agree- 
ment with the facts, and a satisfactory explanation must await 
further evidence. Arisz suggests that this explanation may 
prove to possess elements of both theories. 
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Chapter 11 

EXCHANGE OF GASES 


Since protoplasm is freely permeable to gases, an exchange 
of CO2, O2, and water vapor may readily occur between living 
cells and their environment unless an impermeable barrier sepa- 
rates the two. Thus the fine absorbing roots obtain O2 from the 
soil and rapidly use it in respiration, which must proceed at a 
rapid rate to supply the energy for growth, active absorption 
of solutes, etc. The CO2 produced in respiration rapidly diffuses 
out of the cells into the surrounding soil. There are some 
plants that grow normally though the root medium is deficient 
in oxygen, because the O2 is transferred to the roots from the 
aerial part through the intercellular spaces. This is particularly 
true of some aquatic plants whose intercellular spaces make up 
as much as 70 per cent of the volume of their tissues, as com- 
pared with much lower values (e.g., 20 per cent) in most land 
plants. There is also some exchange of CO2, O2, and water vapor 
between the stem and its environment. In woody plants this 
occurs primarily through openings known as lenticels, since the 
corky covering of the stems is relatively impermeable to these 

Table 15: CO 2 and O 2 content of gas in trunks of Palo verde 
(Parkinsonia microphylla) [After MacDougal and Working] 


Date 

CO 2 

O 2 

Jan. 15-16, 1931 

3.4% 

15.3% 

17-18 

4.0 

14.6 

19-20 

3.8 

14.9 

Mar. 3-4 

8.5 

13.8 

5-6 

8.8 

13.7 

7-8 

9.4 

13.1 

9-10 

10.7 

12.9 

11-12 

12.0 

12.6 

Apr. 20-21 

7.3 

14.5 

22-23 

7.8 

15.2 

23-24 

9.1 

14.3 

25-26 

9.0 

14.6 
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gases. As a result, the gas in the trunk may be of very different 
composition from the air (Table 15). But the organ responsible 
for the major gas exchange of the plant is the leaf, and since 
most leaves are covered by a layer of relatively impermeable 
cuticle, the main exchange is usually through the stomata. 
These consist of two guard cells that impede gas exchange when 
tightly pressed together but permit free exchange when sepa- 
rated by a pore. 

Stomatal movement 

In general, the stomata tend to show a diurnal periodicity, 
closing at night and opening during the day (Fig. 25). That 
this periodicity is related to light is easily shown. Yet there are 
many exceptions (Loftfield). Some stomata open at night. 



Fig. 26. Stomatal opening in alfalfa at different times of the day. Inner 
circle represents lower leaf surface; outer circle upper leaf surface,. (After 

Loftfield) 

others close at noon when the light intensity is at a maximum. 
Wilting may cause closure regardless of the light factor. Thus 
the effect of light on stomatal opening is apparently indirect, 
through its control of some other factor, In order to imderstand 
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the action of such indirect factors, the mechanism of stomatal 
movement must first be looked into. 

Because of the uneven thickening of the walls of the guard 
cells, increased turgor leads to opening, decreased turgor leads 
to closure (Fig. 26) . Since turgor is a hydrostatic pressure, the 
stomatal movement is controlled by water exchange, and any 
factor that alters the water content of the guard cells will affect 
their turgor and therefore the stomatal opening. The maximum 
possible turgor pressure of a cell is practically equal to the os- 
motic potential of the cell sap. Any increase in the osmotic 



Fig. 26. Effect of changes in turgor pressure of guard cells on stonaatal 
opening: (1) and (2), cross section and half surface view of stoma of 
Amaryllis formosissima; (3) and (4), surface views of closed and open 
stoma; (5) and (6), diagrammatic scheme of turgor curvature of guard 
cell when inner wall is thicker than outer wall. (After Benecke-Jost) 

potential due to an increase in solutes will therefore favor open- 
ing, any decrease will favor closure. But it must be remembered 
that this change in solutes affects only the potential, and the 
actual change in turgor pressure can occur only as a result of 
water movement into or out of the cell. Any real change in 
turgor pressure, on the other hand, must be accompanied by a 
change in degree of opening, provided the ceil wall is capable 
of a further stretch or shrinkage. But there is another factor. 
The other epidermal cells, as long as they are turgid, exert a 
back pressure on the guard cells; and if all the epidermal cells 
were to increase equally in osmotic potential and turgor pres- 
sure, no stomatal opening would result. Similarly if all de- 
creased equally in osmotic potential and turgor pressure, no 
closure could occur. In fact a simultaneous water loss from all 
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the epidermal cells may result in stomatal opening if the guard 
cells lose less than the other epidernaal cells. For this reason, 
incipient wilting may actually cause increased stomatal open- 
ing, though more pronounced wilting will cause closure. This 
is because the guard cells are the last of the epidermal cells to 
reach zero turgor pressure. Finally, of course, excessive loss of 
water will cause stomatal opening due to collapse of the guard 
cells. 

The importance of the osmotic potential of the guard cells in 
stomatal movement is shown by the high values (20-1 GO atm.) 
that have been recorded for open stomata, and the low values 
(5-10 atm.) in the case of closed stomata. Theoretically, there 
are three possible causes of such changes (and there is some 
experimental evidence for each) : (a) accumulation of sugars due 
to photosynthesis; (b) starch sugar transformations (starch 
— > sugar leading to opening, sugar starch leading to closure) ; 
(c) active absorption of solutes from surrounding cells. In 
monocotyledons (e.g., onion), photosynthesis leads to an ac- 
cumulation of sugars. That photosynthesis occurs in the guard 
cells has been indicated by recent results. Consequently (a) 
may explain stomatal movement in monocotyledons if the 
sugars disappear from the guard cells in the dark. This has yet 
to be shown. In dicotyledons, photosynthesis usually leads to 
an accumulation of starch, and this does not increase the os- 
motic potential, since starch is insoluble. But the guard cells 
in these dicotyledons behave differently from the other leaf 
cells. In the daytime, the guard cells accumulate sugars like 
the cells of monocotyledons; at night, the sugars are converted 
to starch. All the other green cells of the dicotyledon leaf ac- 
cumulate starch in the daytime and convert it at night to 
sugars which are then translocated to other parts of the plant. 
Therefore (b) controls the osmotic potentials of the guard cells 
of many dicotyledons. In these cases, the starch sugar con- 
version can be controlled by changing the pH of the guard cells. 
At high pH (about 7.0-8. 0), starch is converted to sugar, and 
the stomata open. At low pH the reverse happens. These facts, 
together with many others, have led to the following theory of 
the mechanism of stomatal movement in many dicotyledons 
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(Scarth) : (1) when the plant is exposed to light, photosynthesis 
occurs, and as a result, (2) the CO 2 content of the leaf is re- 
duced; (3) the pH of the cells rises; (4) starch is converted to 
sugar in the guard cells; (5) the osmotic potential of the guard 
cells rises; (6) water enters these cells; (7) the turgor pressure 
rises; (8) the guard cells are forced apart, opening the stomata. 
Of these steps, the only one that is not self-explanatory is the 
effect of pH on starch sugar conversion. As will be seen when 
the metabolism of the plant is discussed, this is an enzymat- 
ically controlled reaction, and enz 3 rmes are usually active at 
some pH, and inactive at others. Recent results have indicated 
that the enzyme capable of converting sugar to starch (phos- 
phorylase) is present in the guard cells. In the presence of this 
enzyme at pH 5, the ratio of starch to sugar (phosphate) is 
3| times what it is at pH 7 (Peat). Recent results by Scarth and 
co-workers indicate that the starch to sugar transformation is 
not always able to account for the increased osmotic potential 
associated with stomatal opening. They beheve that active ab- 
sorption of sugars by guard cells from surromiding cells may 
also play a part. 

Further evidence in favor of this theory is the recently dis- 



Fig. 27. Effects of mcreasing light intensity: curve 1, increased stomatal 
area accompanying increased rate of photosynthesis; curve 2, consequent 
decrease in COa content of surrounding air. (After Scarth and Shaw) 
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covered fact that when the CO 2 content of the intercellular 
spaces is reduced from the 0.03 per cent in air to 0.01 per cent, 
the stomata open (Heath and Milthorpe). The close relation 
between rate of photosynthesis, CO 2 concentration, and stoma- 
tal opening is shown in Fig. 27. On the other hand, the behavior 
of the stomata is not always easily explained by this theory. 
Thus the night opening of the stomata cannot be related either 
to photosynthesis or to a reduction in CO 2 content. But it has 
been shown that an oxygen deficiency may also cause stomata 
to open, and it has been suggested that this results from an 
increase in pH that apparently may sometimes occur due to the 
absence of oxygen. 

Diffusion of gases through small openings 

The rapid rate of diffusion of gases into and out of the leaf is 
understandable on the basis of Fick’s law of diffusion; the dif- 
fusion constant of gases is high {D for water vapor is about 
10,000 times D for liquid water), the area across which diffusion 
is occurring is large, the concentration difference is large, and 
the distance is small. But the area is large only if we consider 
the whole leaf area. When, however, it is remembered that most 
of the gas movement occurs through the open stomata, the high 
rate of diffusion may be questioned, for the area of the stomata 
is only about 1 per cent of the leaf area. Yet a leaf may lose 
almost as much water as a free water surface of the same total 
area. This means that the rate of water loss per unit stomatal 
area is of the order of almost 100 times that from a free water 
surface. It has also been shown that a photosynthesizing leaf 
absorbs CO 2 about as rapidly as a KOH solution of the same 
total surface. One must therefore conclude that either the laws 
of diffusion must be modified or else some other process speeds 
up the diffusion from the stomata. Brown and Escombe settled 
this problem by showing that the loss of water from a free 
water surface is practically unaltered when it is covered by a 
perforated sheet, even though the area across which diffusion 
occurs is reduced to a small fraction. This can be explained by 
the overlapping of the diffusion fronts (Fig. 28). The molecules 
passing through the pores at the perimeter can diffuse more 
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freely in, all directions due to the absence of other interfering 
molecules. They therefore spread out laterally and soon meet 
with similar molecules from adjacent pores, forming a sohd 
front a short distance above the pores. Expressed quantitatively, 
this means that the diffusion across small openings is propor- 
tional to the perimeter rather than the area of the opening. 



Free water surface Water surface covered 

perforated septum 


Fig. 28. Overlapping of diffusion fronts from apertures in membrane (or 
septum) covering a water surface. 

Since the perimeter of a circle = ^irr, whereas the area = rr®, 
in the former case diffusion is proportional to r, and in the 
latter case diffusion is proportional to 
But it must be understood that as soon as overlapping occurs, 
there can be no further speeding up. Thus if the openings are 
as close together as 10-20 times their diameters, maximum 
diffusion occurs. Doubling the diameter of these openings will 
have no effect on the diffusion rate. This fact must be taken 
into consideration when explaining the control of gas exchange 
by stomatal movement. 

Transpiration 

Since the quantitative aspects of O 2 and CO 2 exchange have 
been investigated primarily from the point of view of respira- 
tion and photosynthesis and will be considered under these 
headings, water vapor is the only gas that will be dealt with 
at this point. The loss of water vapor from the plant has long 
attracted the attention of physiologists and has been given the 
name transpiration. As a general rule, transpiration is higher 
when the stomata are open, lower when they are closed. In 
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other words, the stomatal transpiration is usually higher than 
the cuticular transpiration, commonly about 4 times as high 
during a sunny day. But there are all gradations from one ex- 
treme to the other. In the case of succulents, cuticular tran- 
spiration is essentially zero. A joint of a prickly pear can be 
kept for several years without losing all its water. On the other 
hand, a shade plant (such as wood sorrel) may lose as much 
water through the epidermal cells as through the open stomata, 
because the cuticle layer is practically nonexistent. 

Many early workers believed that stomatal movement com- 
pletely controlled transpiration. But this was soon found to be 
untrue. Transpiration rate may actually increase when stomata 
begin to close, and may decrease when they open wider. This 
is sometimes due to the fact that when the diameters of the 
stomatal openings are one-tenth to one-twentieth their distance 
apart, no further opening can affect the rate of diffusion 
through them. But it may also be due to the one other variable 
factor that always controls the rate of diffusion, the concentra- 
tion difference (Ci — C 2 in Fick’s law), or in the case of tran- 
spiration, the vapor pressure difference. The larger the differ- 
ence between the vapor pressure of the leaf and that of the 
surrounding air, the greater the transpiration rate. Both the 
relative humidity and the temperature may affect the vapor 
pressure of the air and the leaf. Consequently, they may both 
alter the transpiration rate. 

Wind may also affect the transpiration rate. It may do this 
by removing the saturated air layer in contact with the leaf, 
thereby steepening the vapor pressure gradient (i.e., reducing 
the distance across which the vapor pressure difference exists). 
But this will primarily affect the cuticular transpiration. The 
stomatal transpiration will be relatively slightly affected in this 
way, because the distance (x in Fick’s equation) is not simply 
from one side of the cuticle to the other, as in the case of cuticu- 
lar transpiration, but from the mesophyll cells across the inter- 
cellular spaces and stomatal cavity to the external surface of 
the leaf. This has been compared to the relatively slight effect 
of a wind outside an open window on the rate of evaporation 
from a beaker of water inside the room. But wind may markedly 
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alfect transpiration rate, even though it has a relatively small 
effect on diffusion. This is because it may move the leaves and 
actually shake the water vapor out of the intercellular spaces. 
On the other hand, wind may sometimes actually reduce tran- 
spiration rate if it causes closure of the stomata. 

There has been some controversy as to whether transpiration 
is a necessary evil or whether it is in some way essential for the 
welfare of the plant. From the former point of view, the func- 
tion of the stomata is to permit exchange of CO 2 and O 2 in the 
processes of photosynthesis and respiration. At the same time 
water is lost through the open stomata because there is no way 
of stopping the passage of water vapor while permitting the 
CO 2 and O 2 exchange. From the other point of view, transpira- 
tion fulfills three main functions: 

1. Transpiration helps maintain optimum turgidity. When a 
land plant is grown in a saturated atmosphere, it develops a 
softer, more watery type of growth. This is presumably due to 
the larger turgor pressure, causing excessive cell enlargement. 
The larger cells will also have thinner walls due to the excessive 
stretch. Aquatic plants avoid this danger by having low os- 
motic potentials (3-5 atm. in many cases of fresh-water plants) . 
Terrestrial plants avoid it because they are seldom at or near 
full turgor; for even though their osmotic potentials may be 
high (up to 200 atm. in the case of some halophytes) transpira- 
tional loss keeps the turgor pressure well below the osmotic 
potential. 

■ 2. Transpiration reduces the leaf temperature. In full sunlight 

on a hot day, a leaf’s temperatme may be in danger of rising 
to the killing point. The evaporation of water is a cooling proc- 
ess and may help to prevent such heat injury. It has been 
shown that the actual cooling effect of transpiration is not so 
great as some workers have thought. But even though it may 
only cool the leaf 3°~5°C (Curtis), this may conceivably, in 
some cases, save the leaf from heat killing. 

3. It promotes the translocation of solutes. This factor has been 
the subject of the most controversy. As already seen, the 
mineral elements absorbed from the soil are translocated 
mainly, if not solely, in the vessels of the xylem, rising in the 
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transpiration stream. The question is sometimes raised whether 
or not the speed of translocation of these solutes depends on the 
rate of transpiration. By analogy with an endless belt deliver- 
ing coal, we can see that the rate of dehvery depends not on 
the speed of rotation of the endless belt, but on the rate of 
transfer to it (Fig. 29). If substances enter the plant by active 
absorption, the amount reaching the leaves per unit time will 
depend, not on the speed of the transpiration stream (or of the 
endless belt) but on the rate of absorption (or of fall of the coal). 
On the other hand if we consider individual branches of a plant 
coming off the main transpiration stream, the one with the 



( 6 ) 

Fig. 29. Effect of transpiration on rate of translocation of solutes in xylem: 
analogy with an endless belt delivering coal; rate of delivery to (b) depends 
on rate of drop from (a), regardless of rate of movement of endless belt. 

more rapid branch stream will tap off more from the main 
stream. Consequently, we might expect a more rapidly tran- 
spiring branch of a plant to receive a larger fraction of the 
absorbed nutrients. 

If, however, the transpiration (or endless belt) is so slowed 
down that the solutes accumulate in roots (or the coal piles up 
at the beginning of the belt), the absorption rate will be 
stopped or at least greatly retarded. Many investigators have 
actually found that increased transpiration does increase the 
amount of substances getting into the plant from the root 
medium. And some feel that the above indirect effect on the 
absorption is inadequate to explain the results. It has been 
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suggested (Hylmo) that the increased tension produced by 
higher transpiration rates pulls the external solution through 
the intercellular spaces along the cell walls of the epidermal 
and cortical cells, in this way by-passing the more resistant 
semipermeable membranes of the protoplasm in all these cells. 
It would then be necessary for the solution to pass through the 
protoplasm of only one layer of cells, the endodermis, before 
being pulled into the xylem. Plausible as this may sound in the 
case of plants artificially grown in solutions (as in Hylmo’s 
experiments) it cannot apply to roots growing in soil, where 
the solution is so weak that most of the solute absorption must 
begin by adsorption on the root surface; and such adsorbed 
substances could not be carried along bodily through the cell 
walls. 

These interactions between transpiration and absorption 
point to an important principle. Numerous physiological proc- 
esses occur simultaneously. Therefore, no matter how much we 
learn about each by studying it independently, it must ulti- 
mately be investigated when under the influence of the others, 
in order to understand it fully. This principle will be returned 
to again and again. 

The actual rate of transpiration may be measured in several 
wa5fs. The water given off may be collected in drying towers 
(e.g., by a desiccant such as CaCb) and the increase in weight 
of the towers will be equal to the weight of water lost. But this 
method requires enclosing the plants, which is difficult without 
altering the transpiration rate. Other methods are also avail- 
able, but the simplest is to weigh a potted plant at intervals. 
The loss of weight is essentially equal to the loss of water from 
the plant, since other factors (e.g., carbon assimilation) usually 
have a neghgible effect on the weight compared to the effect of 
water loss. 
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Chapter 12 


NUTRITION 

The nutrition of any organism includes all the substances 
that must be supplied to it from the outside. Those organisms 
that require both organic and inorganic substances are called 
JieterotropMc; those that need be supplied only with the inor- 
ganic substances are called autotrophic (“self-feeding” since 
they make their own organic substances). Animals and non- 
green plants are heterotrophic. When nongreen parts (e.g., 
roots, stem tips, embryos) are excised (severed) from the green 
parts of the plant, they can be made to grow only when sup- 
plied with at least a sugar, and in many cases several other 
organic substances (Table 16). 

Table 16: White’s NUTRIENT MEDIUM 

FOR GROWING EXCISED ROOTS 


Substance 

mg. per liter 

MgS04 

360.0 

Ca(N03)2 

200.0 

Na2S04 

200.0 

KNOa 

80.0 

KCl 

65.0 

NaH2P04-H20 

16.5 

Fe2(S04)a 

2.5 

MnS04 

4.5 

ZnS04 

1.5 

HaBOs 

1.5 

KI 

0.75 

Sucrose 

2000.0 

Glycine 

3.0 

Nicotinic acid 

0.5 

Pyridoxine 

0.1 

Thiamine 

0.1 


The normal, green plant, on the other hand, is autotrophic; 
it can sjmthesize all its essential organic substances, provided 
it is supplied with all the essential inorganic elements and 
grown under normal conditions (e.g., in the light). The nutri- 
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tion of green plants is therefore solely inorganic. It is, in fact, 
commonly called mineral nutrition, and the elements absorbed 
by the roots (excepting C, H, 0) are called mineral elements, 
since they are mainly obtained either directly or indirectly 
from the minerals in the soil. The mineral nutrition of plants 
therefore embraces all the elements essential to the plant’s 
existence, with the exception of C, H, and O. Nitrogen is, 
strictly speaking, not a mineral element but it is included with 
these since it is obtained by the plant from the soil. 

The first and perhaps most fundamental problem of mineral 
nutrition is to determine which elements are essential to life 
and growth. As a start, one might analyze the plant to find out 
which are present. When this is done, the number of elements 
found depends on the plant, the medium in which it was grown, 
and the completeness of the analysis (Table 17). But this tells 
us merely that the elements not found in the plant (assuming 
that the methods of analysis are adequate) are not essential in 
appreciable quantities. The mere presence of an element in a 
plant does not prove its essentiahty. Thus if a large enough 
number of plants from different regions were analyzed, certain 
elements might sometimes be present, sometimes absent from 
the plant. Actually, some 60 elements have been found in 
plants (Robinson and Edgington), and undoubtedly all the rest 
of the 90-odd known elements could be made to occur in the 
plant by supplying them to the roots. 

A more direct approach to the problem of essentiality is to 
grow plants in the complete absence of a given element. If the 
plant grows normally, the element is evidently not essential; 
if it fails to grow normally, the element is usually considered 
essential. In order to be certain that the element is truly es- 
sential, it is necessary to show not only (1) that a deficiency of 
the element makes it impossible for a plant to complete its 
vegetative or reproductive cycle, but also that (2) it cannot be 
replaced by any other element, and (3) that the effect is not 
simply the result of interaction with (e.g., detoxification of) 
other elements, organisms, etc. These three requirements have 
been called the criteria of essentiality (Arnon and Stout). How- 
ever, it has recently been shown that some of the accepted 
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essential elements can at least be partially replaced by others 
(e.g., Mg by Mn, K by Rb, etc. — Hewitt). 

The search for essential elements has required the develop- 
ment of a technique for growing the plant in the absence of 
impurities. This has meant elimination of the natural root me- 
dium, the soil. In its place, a pure sand, gravel, or best of all, 
simple solutions have been used. The latter, so-called water or 
solution cultures, offer the greatest difficulty, since they fail 
to supply the normal support for the roots and the normal 
amounts of oxygen. This requires development of adequate 
artificial support and aeration. A successful water or solution 
culture therefore requires a certain amount of engineering. This 
system of growing plants in the absence of soil has been used 
to some extent on a practical scale, and has been named 
hydroponics (Gericke). 

Table 17: Analysis of stems, leaves, cob, 

GRAIN, AND ROOTS OP CORN [After Miller] 


Element 

Per cent of 
total dry weight 

0 

44.4 

C 

43.6 

H 

6.2 

N 

1.46^ 

P 

0.2 

K 

0.92 

Ca 

0.23 

Mg 

0.18 

S 

0.17 

Fe 

0.08 

Si . 

1.17 

A1 

0.11 

Cl 

0.14 

Mn 

0.035 

Undetermined 

0.93 


Using only the first criterion of essentiality (i.e., no normal 
growth in the absence of the element) the following seven ele- 
ments were long ago found to be essential: N, P, K, Ca, Mg, S, 
and Fe. Thus it was discovered that plants grow normally in 
four-salt solutions containing KNO3, KH2PO4, CaCh, and 
MgS 04 (or other salts supplying these six elements) with a 
small amount of FeCh (or other iron salt). Even 3-salt solutions 
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(KH2PO4, Ca(N 03 ) 2 , MgS 04 ) plus some iron were soon found 
adequate. Many formulas for such solutions have been adopted, 
some of them named after the workers who developed them, 
e.g., Knop’s, Cronin’s, Tottingham’s, Shive’s. But the early 
solutions were made with salts that were not pure. Small quan- 
tities of other salts were therefore invariably present. Since it 
was already shown that one element (iron) was needed only in 
a small quantity, it was logical to suspect that other elements 
might also be essential in trace amounts. It was soon found 
that the better the purification of the basic three or four salts 
the poorer the growth. This was followed up by direct evidence 
that other elements are needed in small amounts. They are just 
as essential for the life and growth of the plants as the above 
seven elements, and therefore no growth is possible in their 
complete absence. But in view of the small amounts needed, 
they are usually grouped (with iron) separately from the above 
six major or macronutrient elements, and called trace, minor, 
or micronutrient elements. So far, the following six have been 
conclusively proved to be trace essential elements: Fe, Mn, Cu, 
Zn, B, and Mo. They are needed in the nutrient solution in 
amounts ranging from 0.5 ppm. to 0.01 ppm. (Table 18). 
Larger quantities may cause injury or death. Some investiga- 
tors have produced evidence for the essentiality of a few other 
elements (e.g., Al, Si, Se) at least for certain plants, but other 
workers have failed to confirm their results. Elements such as 
Al and Si have been called ballast elements (Frey-Wyssling) be- 
cause they are normally present in large amounts, though the 
plant can be grown perfectly normally without them (as far as 


Table 18: Quantities op mineeal elements used in complete 
NUTRIENT SOLUTIONS [After Robbins] 


Major ion 

Quantities 

(moles) 

Trace 

element 

Quantities 

('P'pm.) 

NO 3 " 

0.005-0.010 

Fe 

'■■■ . 0.5:'' 

PO 4 ” 

0.00025-0.002 

B ■ 

0.25 

SO 4 — 

0 . 001 - 0.010 

. Mn : 

(or more) 
0,25 

K+ 

0 . 002 - 0.010 

Zn, 

0.25 


0.002-0.005 

Cu 

0.02 

Mg++ 

0 . 001 - 0.010 

Mo 

0.01 
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can be determined). Some plants are accumulators; i.e., they 
concentrate large quantities of certain elements (e.g., Al) in 
their tissues. 

Complete absence of any one of the essential elements (major 
or trace) will completely stop growth. But under normal con- 
ditions the elements are never completely absent. If, however, 
they are present in less than optimum quantities, growth will 
occur but abnormalities known as deficiency diseases will de- 
velop. The symptoms of such diseases are more or less specific 
for each element, though it is sometimes difficult to distinguish 
the differences. Furthermore, different plants will show some- 
what different deficiency symptoms. Some occur first on the 
oldest leaves (e.g., N, K, P, Mg), others first on the youngest 
leaves (S, Ca, Fe, Mn, B, Cu, Zn). Elements of the first group 
are mobile and are transferred from the older inactive leaves 
to the younger growing leaves. The elements of the second 
group are inamobile and remain in the old leaves, causing the 
newly developing leaves to show the deficiency though the 
older ones do not (Muller). 

The commonest type of deficiency symptom is chlorosis, re- 
duction in the amount of green pigment in the leaf. But chlo- 
rosis can occur as a result of any one of several deficiencies 
(N, Mg, Fe, Mn, etc.). However, the type of chlorosis is some- 
times different for different elements. Thus it is a uniform loss 
of color in the case of N deficiency, but more pronounced be- 
tween the veins in the case of Fe deficiency. The trace elements 
have given rise to a particularly large number of deficiency 
diseases, e.g., celery crack, heart rot and dry rot of sugar beets, 
internal browning of cauliflower (B deficiencies) ; little leaf or 
rosette of fruit trees (Zn deficiency) ; marsh spot of pea seeds 
(Mn deficiency) , etc. 

The deficiencies found in the plant may not correspond with 
those in the soil. Thus a lime-induced chlorosis may actually be 
an iron deficiency, because the high pH has made the soil iron 
unavailable to the plant. Sometimes the ratios of the elements 
in the root medium may be more important than the absolute 
quantities (e.g., the Fe:Mn and the Ga:B ratios). A recent 
method that overcomes the unavailability of iron due to high 
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pH is to apply chelated iron, i.e., iron combined with an organic 
compound in such a way that it cannot ionize and therefore 
cannot be precipitated (Stewart and Leonard). 

Difficult as it sometimes has been to prove the essentiality 
of a nutrient element, it is often much more difficult to find out 
why it is essential, i.e., its role in the physiology of the plant. 
If the element is a constituent of a substance whose function 
in the plant is known, this, of course, explains why that ele- 
ment is essential. But it must always be remembered that a 
single element may play many different roles in the physiology 
of the plant. Nitrogen, for instance, is one of the elements in 
proteins; and life is therefore impossible without nitrogen. But 
it is also a constituent of phospholipids, vitamins, and chloro- 
phyll, all of which play definite roles in the physiology of the 
plant. Nitrogen also occurs in many substances whose role in 
the plant is not known (e.g., plant bases). Phosphorus, like 
nitrogen, is a necessary constituent of many vitally important 
substances: nucleoproteins, phospholipids, enzyme components, 
etc. Sulphur occurs in proteins and some vitamins, as well as 
other substances such as glutathione. Magnesium is a constit- 
uent of chlorophyll, but this cannot be its only function, since, 
it is also essential for nongreen plants, perhaps because it is an 
activator for many enzymes. Calcium occurs in the pectate 
that cements the walls of adjacent cells together; but unlike 
magnesium, it is not essential for some nongreen lower plants. 
However, its role is obviously much more fundamental than 
as a mere cementer of cells. There is reason to believe that 
protoplasm cannot exist in the absence of certain ions. In most 
organisms, Ca is undoubtedly one of these ions, K another. 
This, in fact, is almost the only concrete hypothesis of the role 
of K, even though it is needed in such large quantities by all 
plants. For unlike the above-mentioned substances, E is not a 
constituent of any known essential organic substance. It occurs 
practically solely in the ionic form. It may conceivably act as 
an enzyme activator, as does Mg, but its chief role seems to be 
to provide the necessary ionic atmosphere for protoplasm. The 
fact that it is needed in so much larger quantity than ions such 
as Ca and Mg may be related to the fact that a balanced solu- 
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tion for living cells consists of about 10 parts of K to 1 of Ca 
or Mg. It is not likely that negative ions such as SO4 and PG4 
play a role in maintaining the normal ionic atmosphere of pro- 
toplasm, in view of the net negative charge on the proteins at 
the normal pH of protoplasm. 

The role of the trace elements is in some cases partially 
understood; Fe and Cu are constituents of many enzymes (e.g., 
peroxidase, catalase, cytochrome oxidase in the case of Fe, 
tyrosinase and ascorbic acid oxidase in the case of Cu), Zn is a 
constituent of at least one enzyme (carbonic anhydrase), and 
Mn is an activator of several others. It is now known that Mo 
plays a role in nitrate assimilation. But in spite of the great 
amount of work on boron, its functions are completely un- 
known. According to the most recent theory, B forms a com- 
plex with sugars that penetrates into living cells more readily 
than the free sugars, and is therefore more readily translocated 
to the growing cells (Gaueh and Dugger). 
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Chapter 13 


METABOLISM 

A complete understanding of the true functions of the ele- 
ments is possible only when the roles of all the substances 
found in the plant are known and when the formation and 
breakdown of these substances are fully understood. The chemi- 
cal reactions resulting in the synthesis and breakdown of sub- 
stances in the living and growing plant are known as plant 
metabolism. The synthesis of the organic substances from the 
raw materials (obtained from the soil and air) is usually called 
anabolism; the breakdown of organic substances to simpler 
organic or to inorganic substances is called catabolism. The ana- 
bolic are usually energy-absorbing and the catabolic energy- 
releasing reactions. A complete understanding of metabolism 
requires a consideration of the energy relations as well as of 
the chemical nature of the substances and the kinetics of the 
reactions. 

Energy relations 

Those chemical reactions that occur with a release of free 
energy (energy available to do work), so that the products 
have less free energy than the reactants, are known as exerg-omc 
reactions, those that involve an absorption of free energy are 
endergonic reactions. If only the heat of reaction is considered, 
the terms endothermic and exothermic are used. In some cases 
the heat of reaction and the free energy change are approxi- 
mately the same, and the two sets of terms may be used inter- 
changeably. But the free energy change is the more important 
quantity from the point of view of metabolism. Some reactions 
show practically no energy change and are called energetically 
i neutral. 

! From the point of Anew of the second law of thermodynamics 

! exergonic reactions are spontaneous. The endergonic, on the 
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other hand, cannot take place unless free energy is supplied 
from some external source. But it must be remembered that 
many reactions are taking place in the plant at any one time. 
Therefore, it is at least conceivable that the endergonic reac- 
tions may take place at the expense of the free energy released 
by the exergonic reactions. When this happens, endergonic re- 
actions are called driven reactions; and since the two kinds are 
energetically linked, they are also called coupled reactions. 

Thus the fixation of nitrogen by microorganisms 

N 2 -b 3 H 2 O 2 NHa -fl O 2 

is an endergonic reaction which cannot go of itself because there 
is a free energy increase of 162 kcal. (Wohl and James). If, how- 
ever, the oxygen produced can be used to oxidize glucose, the 
free energy released by this reaction is 172 kcal. The total 
(coupled) reaction is 

Na -f I H2O -b i CeHi^Oe 2 NHs -b f CO2 

This is accompanied by a free energy decrease of 10 kcal., and 
therefore is thermodynamically spontaneous. 

Thus, in general, the anabolism of plants is possible only if 
catabohsm is simultaneously taking place. This must always be 
remembered, though the two are studied separately for pur- 
poses of classification. It is, of course, true that the free energy 
needed to drive some endergonic reactions may be obtained 
from sources other than exergonic reactions. In the plant, this 
is true of photochemical reactions such as in the photosynthetic 
process, the free energy for which is obtained from sunlight. 

Enzymes 

, As stated above, exergonic reactions are themodynamically 
spontaneous. This does not mean that the reactions will take 
place unaided, but simply that they are downhill reactions as 
far as energy is concerned. Substance X at energy level A can 
therefore be converted “spontaneously” to substances Y and Z 
at the lower energy level B (Fig. 30). The reason why X does 
not fall of itself to energy level B, at the same time splitting 
into Y and Z, is because there is an energy barrier. Substance X 
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is too stable to roll down to level B. It must first he activated; 
that is, it must be given some extra energy, for instance by 
heating, to enable it to go uphill and over the barrier. 



Fig. 30. Energy changes in a ‘‘spontaneous” (i.e., downhill) reaction, in 
which substance X is converted into substances Y and Z on falling from 
energy level A to energy level B. 

But the reaction can be made to take place without heating 
in the presence of a highly reactive substance acting in ex- 
tremely small quantities and known as a catalyst. If the reac- 
tion involves two substances, the catalyst may speed it up by 
adsorbing these substances, bringing them close enough to- 
gether to reduce the energy barrier. Thus, when a stove is 
turned on, the gas does not burn until the activation energy is 
supplied by a match. Instead of a match, platinum black may 
be used. It acts as a catalyst by adsorbing the gases from the 
stove and the air, in this way starting the reaction without 
supplying heat. 

The catalyst commonly fornas an intermediate compound 
with the substance, converting it into a substance which is un- 
stable. The energy barrier is ther^ore reduced to a small enough 
value for the energy of the molecules to overcome and the sub- 
stance can fall to energy level B. When two substances react 
the steps will then be as follows: 

a -f- catalyst cat a 
cataH-b— >c-l-d + catalyst -f energy 
net reaction: 

a + b c -f d -h energy 
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The net result is that the catalyst has perniitted the reaction 
to take place by removing or lowering the energy barrier (energ-y 
of activation). It is active in small quantities because it is regen- 
erated after each reaction and able to combine with another 
molecule. 

In the presence of such a catalyst, the exergonic reaction 
proceeds more or less rapidly with the release of free energy. 
The chemical substance or substances resulting from the first 
reaction may in turn be capable of reacting exergonically with 
another substance in the presence of a second catalyst, which 
is different from the first. Thus a whole chain of reactions may 
occur in a definite order, each link in the chain controlled by 
a specific catalyst. As a result, a complex substance may be 
broken down, step by step, to simpler and simpler substances, 
and at each step a packet of energy will be released, which may 
be used to drive an endergonic reaction. 

By this gradual, orderly release of energy at the right time 
and in the right place, the plant is able to perform all its energy- 
consuming processes: protoplasmic streaming, active absorp- 
tion of substances, cell growth, maintenance of gradients, etc. 
But none of these energy-consuming processes would be pos- 
sible in the absence of the catalysts necessary for the energy- 
releasing reactions. And since there are many such reactions, 
there must also be many catalysts because they are highly 
specific. These organic catalysts that control the metabolism 
of living organisms are known as enzymes. Because of their 
high activity, their presence can be easily revealed. In many 
cases, it is necessary only to show that substance A will not 
break down of itself, but will when mixed with a plant juice. 
This indicates that the juice contains an enzyme that can 
catalyze the breakdown of A. For more rigid proof, this pre- 
liminary test is followed by other more exacting ones. 

The number of known enzymes runs into the hundreds and is 
increasing daily. Seventy-two have been sufficiently purified 
and concentrated to obtain in the crystalline state (Schwimmer 
and Pardee). All such crystalline enzjnnes have proved to be 
proteins or protein complexes, usually with molecular weights 
from 36,000 to 260,000. Some of these appear to be enzy- 
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matically active without any nonprotein component. But most 
enzymes consist of two components, a protein and a nonprotein 
(Fig. 31). The nonprotein component may be firmly attached 
to the protein, when it is called a prosthetic group. Or it may 
be readily removed (e.g., by dialysis), in which case it is called 
a coenzyme. If the nonprotein component is a metal ion, it is 
sometimes called an activator, since the protein is inactive in 





Enzyme Substrate 



Enzyme-substrate Enzyme + products 


Fig. 31. Diagrammatic representation of enzyme systems; (a) protein plus 
nonremovable component; (b) protein plus removable component; (c) pro- 
tein plus one or two removable components; (d) enzyme-substrate reaction. 


the absence of the metal ion. (This explanation of activators 
may perhaps not apply in some cases.) The chemical substance 
that reacts in the presence of the enzyme to form some other 
substance is known as the substrate. In general it appears to be 
the prosthetic group (or coenzjmae) that reacts with the sub- 
strate, leading to its conversion into a new substance or sub- 
strate, though it now appears that the sulfhydryl (SH) group 
of the protein may also react with the substrate (Barron). The 
protein part is thought to be responsible for the specificity of 
the enzyme. Thus several enzymes may contain the same pros- 
thetic group, but because of the difference in the protein com- 
ponent, each will act specifically on one substance. For instance, 
tyrosinase and ascorbic acid oxidase both have Cu as a pros- 
thetic group, yet the former acts on tyrosine (and several 
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similar substances) but not on ascorbic acid; the latter acts on 
ascorbic acid but not on tyrosine. 

The following example illustrates some of the above termi- 
nology: 

substrate enasyme product 

— 1 1 1 1 

protein coenzyme activator 

1 I I 

starch phosphorylase adenylic Mg+*^ — glucose- i-phosphate 

+ acid 

phosphate 

It is also an example of some of the inconsistencies in termi- 
nology and complexities of enzyme action. The phosphorylase 
is itself usually called an enzyme, though it is inactive in the 
absence of the other enzyme components. It would appear that 
this enzyme consists of three components. Other terminologies 
attempt to overcome these difficulties (e.g., holoenzyme, apo- 
enzyme, and coenzyme for the complete enzyme, protein com- 
ponent, and nonprotein component, respectively). The very 
rapid action of enzymes may be illustrated by catalase, which 
controls the following reaction: 

2 H2O2 2 HaO + O2 

One molecule of catalase can decompose 1000 molecules of H 2 O 2 
per second! The concentration of the enzyme affects the speed 
of the reaction, but not the position of equilibrium, and the final 
quantity of product is unchanged. 

Due to the protein portion, enzymes are heat labile; that is, 
they are destroyed by 60°-100°C. The coenzyme component is 
heat stable, being unaffected by boihng. The enzyme is inac- 
tive at temperatures near freezing or in an acid pH in the case 
of some (e.g., trypsin). Low temperature inactivation is re- 
versible, and so is pH inactivation in some cases, if the pH 
change is not too extreme. Poisons may inactivate many en- 
zymes when present in very small quantities; for example, 
0.0001 M cyanide inactivates many respiratory enzymes. These 
substances are frequently called enzyme inhibitors. Other in- 
hibitors are sulfides, azides, fluorides, iodoacetates, etc. Some 
inhibitors are somewhat specific; that is, they inhibit only one 
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or a few enzymes. Frequently they inhibit by combining with 
the prosthetic group or with the sulfhydryl group of the protein, 
thus preventing it from combining with the substrate. 

The terminology of enzymes is often arbitrary, though the 
tendency now is to name an enzyme after the substrate or the 
land of reaction, adding the suffix -ase. Classification is based 
on the nature of the reaction rather than on the nature of 
the enzyme itself, since in so many cases the latter is unknown. 
It is therefore necessary to know something about the nature 
of the chemical reactions that take place in the plant. The 
majority fall into three main types: 

1. Hydrolytic and condensation reactions, which may be rep- 
resented as follows: 

hydrolysis 

A - 0 - B -t- H 2 O — - A - OH + B - OH 

condensation 

In most cases the hydrolysis results in a large release of energy, 
and these reactions are therefore usually practically irrevers- 
ible. In other words, the enzyme usually speeds up the hy- 
drolysis. If, however, the substance A — 0 — B is removed as 
rapidly as it is formed, the condensation can conceivably also 
be speeded up by the enzyme, at least in some cases. 

2. Transfer reactions, which may be represented : 

A - 0 - B + R - OH A - OR 4- B - OH 

These reactions usually result in such small energy changes 
that they are readily reversible. The enzyme can therefore 
speed up both the synthesis and breakdown reactions. 

3. Oxidation-Deduction reactions, which may be represented: 

oxidation 

A V— — - ^ A+ -+• e~ 

reduction 

An example of this type is the oxidation of ferrous iron (Fe++) 
to ferric iron (Fe+++). Since electrons cannot be released in the 
free state in the plant, this reaction can occur only if there is 
another substance that accepts the electron. The complete re- 
action should therefore be represented: 

A -j- B T=^ A^ “t" B 

oxidized reduced 


106 


METABOLISM 



The production of ions is not necessary, for the electron may 
be transferred accompanied by a proton in the form of a 
hydrogen atom: 

AHa + B^A + BHa 

oxidized reduced 

Or there may be an intramolecular transfer of electrons, e.g., 
to an atom such as oxygen, that has a marked tendency to 
accept two electrons: 

CO + 0 ^ CO 2 

In this case, the C atom is oxidized, the 0 atom reduced. 
In all cases, it must be realized that oxidation and reduction 
are inseparable; if something is oxidized, something else must 
be reduced. 

Though these three t 3 ^es of reactions cover most of those 
occurring in the plant, some are not included. (For a more 
detailed and complete classification see Hoffmann-Ostenhof.) 

Hydrolases or Hydrolytic Enzymes. Many complex organic 
substances in the plant are stable in the presence of H 2 O, but 
are split hydrolytically if the necessary enzyme is present. They 
may be subdivided into four groups: 

1. Esterases. The reaction is 

E 1 COOR 2 + H 2 O RiCOOH + R 2 OH 

where Ri and R 2 are organic radicals that vary with the par- 
ticular ester. Lipase controls hydrolysis of fats to fatty acids 
and glycerol. Other esterases are phosphatase, chlorophyllase, 
etc. 

2. Glycosidases or carbohydrases. Invertase (sucrase) controls 
the hydrolytic splitting of sucrose to dextrose and fructose. 
Other carbohydrates or glycosides are hydrolyzed by amylase 
(diastase), cellulase, hemicellulase, maltase, emulsin, etc. 

3. Proteolytic enzymes. Of these, the proteases split proteins 

to peptones, polypeptides, and amino acids. Papain and bro- 
melin are the best-known plant proteases. Peptidases split pep- 
tides to amino acids. ■ 


METABOLISM 


107 


4 . Amidases. Urease controls the hydrolytic splitting of urea 
to CO2 and NHs. Asparaginase sphts the amide asparagine. 

Transferases. Many chemical groups (other than the H and 
OH of water) can be transferred by enzymes from one sub- 
stance to another. Transmethylases transfer methyl groups, 
transaminases transfer amino groups, transphosphatases trans- 
fer phosphate groups, etc. 

Oxidoreductases or Oxidation-Reduction Enzymes. These are 
the most heterogeneous of the three classes. The terminology 
of oxidation-reduction enzymes is complex and not uniform. 
In the case of reactions involving transfer of hydrogen atoms 
from one substance to another, the term dehydrogenation is 
commonly used, and the enzyme controlling the oxidation- 
reduction is called a dehydrogenase; for example, 

CH3CH2OH -f- alcohol dehydrogenase 

(ethyl alcohol) 

CH3CHO -b reduced alcohol dehydrogenase 

(acetaldehyde) 

In this reaction, the alcohol is oxidized (dehydrogenated) to 
acetaldehyde, and the dehydrogenase is reduced. The reduced 
dehydrogenase can in its turn be oxidized by another hydrogen 
acceptor and is then free to oxidize another molecule of ethyl 
alcohol. If the enzyme is reoxidized by molecular oxygen, it is 
called an oxidase: 

( 1 ) AH2 -b enzyme — > A -b enzyme H2 

( 2 ) enzyme H2 -b I O2 ^ enzyme -b H2O 

One of the most important of these is cytochrome oxidase, an- 
other is tyrosinase. Two other well-known oxidation-reduction 
enzymes are peroxidase and catalase, enzymes that control the 
decomposition of H2O2. When peroxidase acts on peroxide, the 
oxygen released oxidizes another substance ; when catalase acts 
on it, free molecular oxygen is released. The precise role of these 
two enzymes is not understood. Most of the oxidases contain 
metals in the prosthetic group: Fe in the case of cytochrome 
oxidase, peroxidase, catalase; and Cu in the case of tyrosinase. 
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In most of the above, the enzymes control catabolic reac- 
tions. However, anabolic reactions are also enzymatically con- 
trolled, though the enzymes have not been so well known until 
recently, partly because these energy-consuming reactions are 
not so easily brought about in the test tube. In some cases, the 
enzyme may conceivably control the synthesis as well as 
the breakdown reaction, since the enzyme affects the kinetics 
of the reaction but not the equilibrium position. Thus hydrol- 
ysis of esters should be represented as an equilibrium reaction: 

R1COOR2 + H2O RiCOOH -f R2OH 

The esterase lipase has, indeed, been shown to induce the 
reverse condensation reaction, the synthesis of fat from fatty 
acid and alcohol. 

But in at least some cases the synthesis proceeds along a 
totally different path from the breakdown. Thus sucrose is 
hydrolyzed in the presence of invertase: 

invertase 

sucrose + H2O t glucose -k fructose 

The synthesis of sucrose is not simply the reverse of this 
reaction, but is 

sucrose 

glucose-l-phosphate-f- fructose sucrose phosphate 

phosphorylase 

and this synthesis is controlled by another enzyme. In fact, it 
can be produced in the test tube only in the absence of in- 
vertase, since the latter breaks down the sucrose as rapidly as 
it is formed. 

Among the group of oxidation-reduction enzymes may also 
be included the carboxylases (Ochoa). Essentially all the CO2 
evolved in fermentation and respiration is produced by de- 
carboxylation, and all the CO2 absorbed in photosynthesis and 
allied processes is due to the reverse process of carboxylation. 
Since the two processes are at least theoretically reversible, it 
has become the custom to call all these enzymes carboxylases, 
regardless of whether they essentially control decarboxylation 
or carboxylation. Decarboxylation may be considered a dehy- 
drogenation of the carboxyl: 
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R-COOH ^ RH + CO 2 

As a result, decarboxylation involves a large release of free 
energy and is a spontaneous reaction; carboxylation is possible 
only if free energy is provided from some outside source. Both 
processes are enzymatically controlled. 

The enzyme pyruvic carboxylase can be used as a specific 
example. It is found in both higher and lower plants though 
not significantly in animals. It catalyzes the loss of CO 2 from 
pyruvic acid with formation of acetaldehyde, i.e., decarboxyla- 
tion of pyruvic acid. 

CH 3 COCQOH > CH 3 CHO -b CO 2 

carboxylase 

pyruvic acid acetaldehyde carbon dioxide 

Theoretically, it should be able to catalyze the reverse reaction 
as well, i.e., carboxylation of acetaldehyde to form pyruvic 
acid. But the decarboxylation involves so large a loss of free 
energy that the reaction is practically irreversible. The enzyme 
is a protein-diphosphothiamine-magnesium compound and the 
purest preparations obtained from yeast contain 1 mole diphos- 
phothiamine and 1 gram-atom of Mg to 75,000 g. protein. 
Thus the thiamin (vitamin Bi) phosphate is the prosthetic 
group and Mg is the activator. The enzyme is able to decom- 
pose 700-900 moles of pyruvic acid per mole diphosphothiamine 
per minute. Heavy metals (Ag, Cu, Hg) strongly inhibit this 
enzyme. Though it is essentially a specific enzyme for pyruvic 
acid, nevertheless under certain conditions it can catalyze the 
decarboxylation of some other a-keto acids (acids with the CO 
or keto group in the a position, i.e., adjacent to the COOH 
group). So many vitamins have been shown to act as prosthetic 
groups of enzymes, that this may well prove to be their sole 
function. 

One of the most amazing facts about enzymes is the tremen- 
dous number of different kinds that must coexist in the ex- 
tremely small space occupied by the protoplasm of a single cell. 
The number is so large that it has even been suggested that all 
the cytoplasmic proteins are enzymes. Each must be able to 
control its own particular reaction without interference from — 
indeed, with the aid of — other enzymatically controlled reac- 
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tions. This orderly arrangement would not be possible if all 
the enzymes were mbced haphazardly in solution. It is not 
surprising, then, that so many of them have been found to be 
attached to particles in the cytoplasm, e.g., the mitochondria. 
If each one occupies its own place on such a particle, an orderly 
series of reactions can take place there. 
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RESPIRATION 

The most important catabolic, energy-releasing process in 
the plant is the oxidative breakdown of organic substances. 
Sugars are most commonly the starting point, and carbon di- 
oxide and water are usually the end substances formed, though 
there are many exceptions. This process is known as respiration. 
Practically all the chemical reactions involved are enzymati- 
cally controlled. For some purposes, however, it is possible to 
ignore the enzymes and even the individual chemical reactions, 
and to consider the over-all process. Thus, if sugar is respired, 
respiration can be represented: 

CeHisOe -f 6 O 2 6 CO 2 + 6 H 2 O -b 674 kcal. 

This means that 180 g. (1 mole) glucose (or some other 
hexose) are oxidized by 192 g. (6 moles) of oxygen, releasing 
264 g. (6 moles) of carbon dioxide, 108 g. (6 moles) of water, 
and 674 kcal. of heat. Thus each gram of glucose respired re- 
leases 3.74 kcal. of heat. 

If this equation is correct, it should be possible to measmre 
respiration by determining any one of the above five quantities. 
In practice, it is usually most convenient to determine the CO 2 
released or the O 2 absorbed. If the correctness of the above 
equation is in doubt, it is necessary to measure both quantities. 
The molar ratio of GO 2 evolved/02 absorbed is then called the 
respiratory quotient. If this ratio is 1, the above equation would 
appear to be correct; that is, glucose or some other carbohy- 
drate is apparently being respired to GO 2 and H 2 O. 

If substances other than glucose are respired, a different 
respiratory quotient usually results. Thus a fat would give 

2 GsiHgsOe + 145 O 2 102 GO 2 + 98 H 2 O 

The respiratory quotient is therefore 0.7. Similarly it can 
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readily be calculated for organic acids, e.g., 4 for oxalic acid 
(C2H2O4) if it were respired. The value for proteins would be 
about 0 . 5 . Actually, the quotient can vary from zero (no CO2 
evolved) to infinity (no O2 absorbed). Some values that have 
been found experimentally are listed in Table 19 . 

/COA 

Table 19: Respiratory quotients { different plants 

[After Thomas] 


Respiratory 

quotient 


Leaves rich in carbohydrates 1 

Darkened shoots of Opuntia (prickly pear) 0.03 

Germinating starchy seeds 1 

Germinating linseed (high fat) 0.64 

Germinating buckwheat (high protein) 0.50 

Germinating peas 1. 5-2.4 


In general, a respiratory quotient of less than 1 indicates 
that: (1) a substrate other than carbohydrate is being used; or 
(2) a carbohydrate is incompletely oxidized, for example, with 
the formation of organic acids that trap O2 without releasing 
CO2 and H2O, as happens in succulents such as Opuntia in the 
above table; or ( 3 ) O2 uptake occurs in processes other than 
respiration; or ( 4 ) the CO2 evolved may be reassimilated. 

A respiratory quotient greater than 1 may mean that some 
high-oxygen substances, such as organic acids, are being re- 
spired, or that respiration is partially incomplete and therefore 
does not utilize molecular oxygen (see below). 

In spite of these many exceptions, the respiratory quotient 
of higher plants is conamonly 1. This means the equation given 
at the beginning of this section is probably correct for most 
higher plants under normal conditions, and carbohydrates are 
the main substrate for respiration. Many other lines of evidence 
confirm this conclusion. Even when fats are the main reserve 
material, they are first converted to sugars, which are then 
respired. Consequently, an understanding of respiration re- 
quires some knowledge of the carbohydrates. 

Many different carbohydrates occur in the plant, some sol- 
uble, others insoluble. Each has an empirical formula consist- 
ing of C, H, and 0 , with the H and 0 in the proportions in 
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which they occur in water. But the properties of carbohydrates 
depend on their structural formulas. They consist of polyhy- 
droxy (OH) aldehydes (substances with a CHO group) or 
ketones (substances with a CO group). In the case of the more 
complex carbohydrates, which are not themselves aldehydes or 
ketones, they give rise to polyhydroxy aldehydes and ketones 
(and to nothing else) when hydrolyzed. 

They may be classified as follows: 

monosaccharides 


trioses pentoses hexoses 

I 

glyceraldehyde glucose 

(dextrose) 

fructose 
(levulose) 

etc. 

Complete hydrolysis of starch, cellulose, and maltose yields 
only the monosaccharide glucose. Hydrolysis of sucrose yields 
both glucose and fructose. Due to their hydroxyl groups, carbo- 
hydrates form esters with acids. The most important of these 
in metabolism are the phosphate esters. 

When leaves are starved (kept in the dark to prevent ac- 
cumulation of photosynthate), the carbohydrates are used up 
in a few days (Fig. 32). These results indicate that some carbo- 
hydrates are respired more readily than others. Fructose is used 
up first, then sucrose and starch, and finally glucose. But the 
utilization of sucrose and starch is at fir st accomp anied by an 
inc rease in glu cose. Only after the other carbohydrates have 
been mainly exhausted does the glucose disappear. This indi- 
cates that the decrease in sucrose is initially mainly due to a 
respiratory breakdown of the fructose component. 

The preferential respiratory breakdown of fructose in the 
starving barley leaves is in agreement with other results ob- 
tained with yeast. Whatever sugar (glucose, fructose, or man- 
nose) is fermented by this organism, the diphosphoric ester of 
fructose is formed. Since this ester can be formed more readily 


oligosaccharides 

r — I — 1 

dt- in- ieira- 

saccharides 

sucrose 

maltose 

etc. 


polysaccharides 


starch 

cellulose 

etc. 
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from fructose itself than from the other sugars, and since it is 
now known to be produced in higher plants during respiration 
(Albaum), it is not surprising that fructose is respired more 



Starvation time (hrs.) 

Fig. 32. Respiration of carbohydrates in barley leaves in the dark. Gurve 1, 
glucose; 2, sucrose; 3, starch; 4, fructosan; 5 , fructose. (After Yemm) 

readily than the others. This formation of a phosphate ester of 
the sugar is the first step in respiration. It is called phosphory- 
lation. 

Anaerobic respiration 

Many organisms are able to break down carbohydrates to 
CO2 and some other substance (e.g., an alcohol or organic acid) 
without utilizing molecular oxygen. This process has been 
called by several names: anaerobic respiration because it may 
occur in the absence of air, fermentation because it is so often 
controlled by microorganisms or their enzymes (previously 
known as ferments), glycolysis (“glyco” means sugar) because 
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it is a breakdown of sugars. It is now known that all higher 
plants are capable of respiring anaerobically for varying lengths 
of time, but most die within a few days in the absence of 
molecular oxygen. Even when respiring aerobically in the nor- 
mal manner, the first steps in the carbohydrate breakdown are 
almost completely identical with those in the anaerobic process. 
This is followed by a second series of steps involving utilization 
of molecular oxygen. Thus we can divide normal aerobic res- 
piration into a first, anaerobic phase and a second, aerobic 
phase. 

When higher plants respire in the absence of O 2 , their respira- 
tion is usually partly or wholly alcoholic fermentation: 

C 6 H 12 O 6 ^ 2 C 2 H 5 OH -|- 2 CO 2 -b 24— 28 kcal. 

Much less energy is released in this way than in complete 
aerobic oxidation to CO 2 and H 2 O. Substances other than ethyl 
alcohol may accumulate, e.g., glycerol, lactic acid, acetalde- 
hyde, etc. In the case of some plants (e.g., potato tubers), 
acids accumulate but no alcohol. If only alcohol is produced, 
the ratio of alcohol to CO 2 is 1.04. The actual ratios found vary 
from this value all the way down to zero (Table 20) . 

Since so many plants accumulate ethyl alcohol under anaer- 
obic conditions, early workers suggested that the normal 
aerobic respiration involves first the anaerobic breakdown to 
alcohol and CO 2 , and second a further breakdown of the alcohol 
to CO 2 and H 2 O. That the argument does not hold for some 

Table 20: Ratios of CO 2 to alcohol 

IN PLANTS RESPIRING ANAEROBICALLY 

[After Kostytchev] 


Carrot roots. 100:102 

Oranges . ............. 100:70 

Apples 100:42 

Potato tubers 100:7 


plants (e.g., potato) follows from the near absence of alcohol 
under anaerobic conditions. Furthermore, it was soon shown 
that higher plants do not oxidize alcohol very readily. It is 
now known that alcohol is not produced when the plant is 
respiring aerobically, though the first stage of aerobic respira- 
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tion is the same as alcoholic fermentation, up to a point pre- 
vious to alcohol formation. Alcohol is thus an end product that 
occurs on a branch line instead of on the main hne of reactions. 
This side branch operates only when respiration is anaerobic. 
The actual sequence in alcoholic fermentation is probably as 
follows: 

hexose hexosephosphates ^ triosephosphates — ♦ 

phosphoglyceric acid ► phosphopyruvic acid — 

pyruvic acid ► acetaldehyde ^ ethyl alcohol 

When the respiration is aerobic, this stage goes only as far as 
pyruvic acid. Acetaldehyde and alcohol are on the anaerobic 
branch line. 

Pyruvic acid is therefore the pivot. When aerobic respiration 
occurs, this substance is converted to another organic acid, 
which in its turn is changed to a third one, etc. (Fig. 33). 



Fig. 33 . Eelease of CO2 as pyruvic acid is gradually broken down to CO2 
and H2O (not all shown). The nunaber of carbon atoms in each acid mole- 
cule is given in parentheses. 

Each molecule of pyruvic acid is thus broken down in several 
steps to CO 2 and H 2 O, by passing through a series of changes 
converting it successively into 6-, 5-, and 4-carbon acids. It 
forms the 6-carbon acid first by combining with a 4-carbon acid. 
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This cyclic series is known as the Krebs (or citric acid) cycle. 
Just which acids are involved in the higher plants is not known 
for certain, but the cycle probably includes citric (or its iso- 
mers), a-ketoglutaric, succinic, malic, fumaric, etc. It is possible 
that pyruvic acid is first converted to acetic acid before entering 
the cycle. 

Both the anaerobic breakdown of sugars to pyruvic acid, and 
the aerobic breakdown of pyruvic acid in the Krebs cycle in- 
volve a release of respiratory energy. Just how this energy is 
utilized to drive endergonic processes is not completely under- 
stood. Eecent evidence, however, indicates that it is primarily 
accomplished by a transfer of phosphate groups from the inter- 
mediates of respiration to the energy-consuming processes 
(Lipmann). In this transfer, the phosphate groups carry avail- 
able energy with them and are therefore called high-energy 
phosphates. The process has been illustrated by analogy with a 
dynamo (the metabolic wheel) from which energy is brushed off 
and transported to the region of utilization by way of a sub- 
stance known as adenylic acid (Fig. 34). When the phosphate 
gives up its energy, low-energy inorganic phosphate is regen- 
erated, which may be again converted into the high-energy 
form by the metabolic wheel. The phosphates take part in the 
Krebs cycle as well as in glycolysis, though this is not shown 
in Fig. 33. 



Fig. 34. utilization of respiratory energy by means of high energy phos- 
phates (~P). (After Lipmann) 
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All or nearly all the steps in both glycolysis and the Krebs 
cycle are, of course, controlled by enzymes. Many of these 
enzymes have been investigated, and most of those responsible 
for the Krebs cycle reactions have been found to occur in the 
mitochondria (Millerd). 

Since respiration in higher plants is normally the energy- 
releasing breakdown of sugars to CO 2 and H 2 O, this process 
obviously does not include all of catabolism. There must fre- 
quently also be a hydrolytic breakdown of more complex carbo- 
hydrates to sugars, of lipids to fatty acids etc., of proteins to 
amino acids. This process is sometimes known as digestion. The 
products of digestion may then be respired, or they may be 
resynthesized to other complex substances, or they may be 
translocated to other parts of the plant. Just as in the case of 
respiration, digestive processes are controlled by enzymes. In 
some cases, it is impossible to distinguish between digestion 
and respiration, for example, when starch is phosphorylated 
directly to hexose phosphate in glycolysis. 

The rate of respiration is affected by many factors, both 
internal and external. From the equation, it is obvious that an 
ample supply of hexoses or other respirable material is essential 
for a rapid rate. The same is true of the O 2 supply to the 
respiring cells, at least if respiration is aerobic. Yet it has been 
shown that O 2 actually reduces the rate of breakdown as com- 
pared with anaerobic respiration. This is called the Pasteur 
effect. On the other hand, an accumulation of the end products 
reduces the rate. This fact is made use of in the storage of fruit. 
Air containing 10 per cent CO 2 retards respiratory breakdown, 
and therefore reduces sugar loss and prolongs the life of the 
fruit; but the oxygen content of the air must be maintained as 
high as normal to prevent anaerobic respiration. 

The rate of respiration is, of course, markedly affected by 
temperature. A rise of 10°C usually increases the rate 2-3 times. 
This is the main basis for the low-temperature preservation of 
plant parts. Dropping the temperature from 30°G to 0°C may 
reduce the rate of respiration to 1/27, or (|)^, in this way keep- 
ing the reserves 27 times as long. Injury may markedly increase 
the respiration rate. 
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A striking variation in respiration rate may occur with age. 
Thus a developing fruit may show a marked drop during the 
early stages, followed by a rise, then another drop (Fig. 35). 
The first drop is perhaps more apparent than real, since the 
cell enlargement results in about as much of a decrease in per 
cent protoplasm (which is the only part of the cell capable of 
respiring) as the decrease in respiration per gram of total dry 



Fig, 35, Changes in respiration rate of apple fruit during growth and devel- 
ment. (After Kidd) 

matter (Kidd and West). The rise and subsequent fall, how- 
ever, are real changes, since they occur when the fruit is already 
full size. The climacteric rise accompanies ripening and is as- 
sociated with the production of ethylene. Other volatile prod- 
ucts, responsible for the flavor and aroma, also reach a maxi- 
mum at this time, e.g., methyl, ethyl, and amyl esters of 
" formic, acetic, caproic, and caprylic acids. Artificial ripening 
may be induced by treating the unripe fruit with ethylene gas 
(1:1000), and this is always accompanied by an increased rate 
of respiration. This climacteric period is followed by the final 
period of senescence, during which the respiration process seems 
to be thrown out of gear. Not only does the total rate drop 
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rapidly, but etbyl alcohol and acetaldehyde steadily accumu- 
late, the latter giving the off taste. This seems to indicate 
that oxidative processes are hindered and that anaerobic res- 
piration becomes more pronounced. Other metabolic changes 
also occur; for example, insoluble pectins that normally cement 
cells together are converted to soluble pectin by the enzyme 
protopectinase. As a result the cells separate and the flesh be- 
comes mealy. In the case of fruit such as tomato and grapes, 
even the cell walls dissolve and the free protoplasts are relased. 
These later break down. This whole self-digestive process is 
known as autolysis. 
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PHOTOSYNTHESIS 

The anabolic counterpart of respiration is carbon assimilation. 
When this process is dependent on light energy, it is called 
'photosynthesis. In many respects it is the direct opposite of 
respiration, and can actually be represented crudely by the 
same equation turned around: 

6 CO2 + 6 H2O + light energy C,linO, + 6 O2 

Instead of sugar being broken down into CO2 and H2O, the 
latter are built up to sugar; instead of O2 being absorbed, it is 
released; instead of energy being released, it is absorbed in the 
form of light energy and converted into the chemical energy of 
the sugar molecule; instead of oxidation of a carbon-containing 
compound, CO2 is reduced to hexose, and H2O is oxidized to O2. 

Just as in the case of respiration, the rate of photosynthesis 
can be theoretically measured by determining any one of the 
quantities in the above equation; but the most easily deter- 
mined are the CO2 absorbed and the O2 released. The photo- 
synthetic quotient is O2/ CG2, and as in the case of the converse 
respiratory quotient CO2/O2, is usually equal to 1 . However the 
photosynthetic quotient has not proved to be as valuable a 
ratio as the respiratory quotient, partly because photossnn- 
thesis, unlike respiration, goes all the way or not at all (as far 
as gross measurements of O2 and CO2 are concerned), partly 
because carbohydrates are nearly always the end point. 

Just as in the case of respiration, the above equation for 
^ photosynthesis is simply a statement of the relative quantities 
of raw materials and final products. It reveals nothing about 
the individual chemical reactions that follow each other, step 
by step, in an orderly and integrated fashion. Up to about 
10 years ago, nothing was known about these individual chemi- 
cal reactions, though several theories, now completely dis- 
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credited, had been proposed. During recent years, however, 
great progress has been made, and we now know several of the 
intermediate substances, and can at least theorize reasonably 
as to the probable steps, though they are still not so well known 
as in the case of respiration. 

This great progress in our understanding of the photosyn- 
thetic intermediates is mainly due to the use of isotopes. The 
important contributions of these elements to our understanding 
of permeability and translocation have already been men- 
tioned. In the case of photosynthesis, they have been re- 
sponsible for opening a whole new field of investigations. The 
first isotope used was heavy oxygen, 0^®. Only when heavy 
oxygen was incorporated in the H 2 O supplied to the plant, was 
it recoverable (in the same concentration) in the oxygen re- 
leased. Though this evidence is not as conclusive as it at first 
appears (Brown and Frenkel), it agrees with other evidence 
indicating that the source of the O 2 evolved in photosynthesis ' 
is the H 2 O and not the CO 2 . Consequently, the equation as 
given above is not correct and must be modified as follows: 

6 CO 2 + 12 H 2 O* -f light energy C 6 H 12 O 6 + 6 H 2 O 4- 6 O 2 * 

The asterisk indicates the same atoms of oxygen. To balance 
the equation, twice as many water molecules must be involved 
as in the first over-all equation. Even this equation is not 
necessarily correct. It simply shows the minimum number of 
water molecules. As far as the above evidence is concerned, 
there may be 18 or 24, or some other multiple, on the left side, 
and 12 or 18 etc., respectively, on the right side of the equation. 

Even more important results have been obtained with the 
use of carbon isotopes. The normal isotope of carbon is 
heavy carbon (the stable isotope) is and there are two 
radioactive isotopes, and Only the radioactive isotopes 
have been used in studies of photosynthesis, and although the ^ 
short-lived was used at first, all the more recent work has 
been with the longer-lived The plant is supplied with C“02 
in the light for a few seconds, or minutes, then quickly killed 
and analyzed. Those substances that contain must have 
been synthesized by the plant from the C^K) 2 . If the plant is 
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allowed to use the C ^^02 for different lengths of time, the sub- 
stance formed in the shortest period is obviously the first in 
the chain of reactions. In this way it was proved that a phos- 
phoric ester of a 3-carbon compound, phosphoglycerate, is the 
first or almost the first substance formed in photosynthesis, 
appearing within 2-5 seconds. Other intermediates such as or- 
ganic acids and hexose-phosphates are formed later in the 
process. The following are some of the suggested steps in the 
sequence of reactions (Benson and Calvin) : carbon dioxide -f- 
glycolic acid — > phosphoglycerate — > triose phosphate — > hex- 
ose phosphates — > sugar or starch. But it is still not possible 
to state with certainty what the actual chemical reactions are, 
or what enzymes are involved, though recent work has yielded 
evidence of the possible roles of one or two enzymes. 

Just as in the case of respiration, photosynthesis includes not 
only chemical changes, but energy changes as well. These en- 
ergy changes cannot be studied by use of for the synthesis 
of carbon compounds is not itself a photosynthetic process and 
does not require light. Animal cells and colorless plant cells, or 
. green plant cells in the dark, are all able to build up more or 
less complex carbon compounds from CO 2 in the dark. This 
process is known as dark carbon assimilation. The energy for 
the process is obtained from the simultaneous respiratory 
breakdown of sugars. When carbon assimilation occurs in the 
light in green plants, the energy is obtained from the absorbed 
fight. Dark carbon assimilation is of course wasteful, since it 
drains the reserves; photosynthesis, on the other hand, in- 
creases the reserves. 

In order to utilize the fight energy, there must be a photo- 
chemical reaction or series of reactions in the process of pho- 
tosynthesis. Although these photochenaical reactions play no 
direct part in the actual steps of carbon assimilation described 
. above, they are just as essential to the process, since they pro- 
vide the energy. As in the case of the carbon assimilation which 
occurs in the dark, the photochemical reactions have been in- 
tensively investigated in recent years, and much new informa- 
tion has accumulated in the past decade. The most important 
tool in these investigations has been the so-called Hiil reaction. 
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This is the name given to the photosynthetic release of molecu- 
lar oxygen by free chloroplasts in the presence of an oxidizing 
substance (such as ferric salts, quinones, etc.)- The Hill reac- 
tion takes place without any carbon assimilation, and therefore 
permits a separate study of the photochemical phase of photo- 
synthesis. The free chloroplasts are obtained by grinding green 
leaves and centrifuging successively at increasing speeds to re- 
move sediment, and to precipitate the chloroplasts. The latter 
are then resuspended in solutions of various kinds and exposed 
to light under conditions permitting measurement of O2 evolu- 
tion. 

In this way, it has been found possible to obtain nearly as 
rapid evolution of O2 from isolated chloroplasts as from the 
normal leaf, though no carbon assimilation occurs. But it must 
be emphasized that the chloroplast is not a complete system in 
itself even for O2 evolution. It must be supplied with an oxi- 
dizing agent which it can reduce in the light. That the evolution 
of O2 is controlled by enzymes has been shown by the use of 
inhibitors such as urethane, which also inhibit photosynthesis 
in the normal leaf. On the other hand, cyanide in low concentra- 
tions does not inhibit the Hill reaction, though it does inhibit 
photosynthesis in the leaf, showing that its effect is on the 
carbon assimilation and not on the photochemical evolution of 
O2. By suppl3dng the necessary enzymes and substrates not 
present in the chloroplasts, it is now even possible to obtain 
CO2 assimilation with free chloroplasts in the hght (Vishniac 
and Ochoa). 

By use of the Hill reaction and other methods, attempts are 
constantly being made to find out more about the photochemi- 
cal phase of photosynthesis. By analogy with respiration, it is 
possible that the absorbed light energy is transformed into 
chemical energy in the form of high-energy phosphates. The 
process of carbon assimilation is presumably driven by this 
chemical phosphate energy. That is perhaps why the first sub- | 
stance identified in carbon assimilation is phosphogly cerate. h 

Some aspects of the role of chlorophyll in the process of 
photosynthesis are clear. No photochemical process can take 
place unless light energy is absorbed. It is the chlorophyll that 
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absorbs the light energy, which it then transfers in some un- 
known manner (perhaps by means of high energy phosphates) 
to the CO 2 or some intermediate of carbon assimilation. 

There are two chlorophylls, one bluish green (chlorophyll a), 
the other 'yellowish green (chlorophyll b). Both occur only 
in the chloroplasts (in higher plants) usually in the ratio of 
3a '.lb. With them are two yellow pigments, carotin and xantho- 
phyll, in about the same molar quantity as chlorophyll b. The 
four are known as the chloroplast pigments. The chlorophyll 
molecule is complex. It contains Mg, as well as C, H, N, and 0, 
It cannot be synthesized in the absence of Fe. One explanation 
is the suggestion that the finished molecule results from a re- 
placement of Fe in the molecule by Mg. The portion of the 
molecule that contains Mg is chemically related to the heme 
of the blood. 

That chlorophyll is the energy absorbing substance can be 
shown in several ways. The absorption spectrum of chlorophyll 



Fig. 36. Absorption spectra of chiorophylis a and b in ether. (After Zscheile 

and Comar) 
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(Fig. 36) is the same as the action spectrum of photosynthesis; 
that is, chlorophyll absorbs most intensely in the red, at the 
wavelength that permits the most rapid photosynthesis; it ab- 
sorbs least in the green, and this light (at the same intensity as 
the other wavelengths) permits only the slowest rate of photo- 
synthesis. It is interesting that all wavelengths of light do per- 
mit photosynthesis, though in view of the above absorption 
characteristics of chlorophyll, red is the most efficient. Recent 
evidence (Rabinowitsch) indicates that the yellow plastid pig- 
ments may also serve to absorb light that may be used photo- 
synthetically. 


Table 21: Rate of photosynthesis in some plants at temperatures op 
18-20®C., AT MAXIMUM OR NEAR MAXIMUM LIGHT INTENSITIES, AND WITH 
NORMAL COa CONTENT OP THE AIR (0.03%, OX 0.56 mg, per 1) 

[After LundegS-rdh] 


Plant 
Potato 
Tomato 
Sugar beet 
Spinach 
Vicia Faba 
Phaseolus vulgaris 


mg. COa per 50 cm.^ 
leaf surface per hr. 
9.57 
8.42 

9.26 
9.78 
8.83 

9.27 


Carbohydrate (CeHiaOe) 
synthesized in g. per 
leaf surface per hr. 
1.30 
1.15 
1.26 
1.33 
1.20 
1.26 


The rate of photosynthesis (Table 21) is controlled by many 
factors, both internal and external. When several factors are 
investigated, it is usually found that only one limits the rate of) 
photosynthesis; that is, this one factor when increased, willl 
markedly increase the rate of photosynthesis, whereas the] 
others when increased have little effect on the rate of the 
process (Fig. 37). This fact has been called the law of limiting 
factors. Thus, though light intensity, temperature, and GO 2 
concentration are all important factors, if the temperature on a 
normal day is around 0°C., no increase in light intensity or COr" 
concentration will affect the rate of the process, but an increase 
in temperature will produce a corresponding increase in rate of 
photosynthesis (Fig. 38), provided that the other factors are 
not limiting. 

As in the case of respiration, this effect of temperature is pro- 
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nouneed. A rise of 10°C. may increase the rate of photosyTi- 
thesis 2-3 times or sometimes even more. This is typical of 
ordinary chemical processes. Since physical processes are not so 
markedly affected by temperature, photochemical reactions 
show little change; for example, a 10°C. rise in temperature 
usually increases the rate of a photochemical reaction by only 
about one-tenth. This fact was long taken as evidence that the 
dark chemcal reactions of photosynthesis are slower than the 
photochemical reactions; that is, the former are limiting. In- 
deed, the marked temperature effect was the earliest evidence 
of the fact that not all of the photosynthetic process requires 
light. In memory of the man who first observed this, the term 
Blackman reaction was used for the dark chemical reactions. 
Another early proof of the existence of dark chemical reactions 
was the fact that intermittent light can permit just as rapid a 
rate of photosynthesis as continuous light, if the light and dark 
periods are short enough, even though the dark periods be- 
tween flashes reduce the total light received to about half as 
much per hour. However, if the alternating light and dark 
periods are increased to about 1 minute each, practically no 
photosynthesis takes place in some plants. This is due to the 
so-called induction period: after exposure to darkness for a 
minute or more, it takes the plant a full minute to reach its 
normal rate of photosynthesis in the light. 

The efficiency of photosynthesis is not high under normal 
conditions. Only about 2 per cent of the incident light energy is 
ordinarily used in photosynthesis, or 3 per cent of the absorbed 
light energy. In weak light and with an ample supply of CO 2 
the efficiency may rise to 30 per cent. 

Whether or not respiration continues at the normal rate 
during photosynthesis is difficult to determine. If it does, the 
measured CO 2 absorption (or O 2 evolution) is really due to thp 
excess of photosynthesis over respiration and is therefore a 
measurement of the net rate of photosynthesis. To get the true 
rate of photosynthesis it would be necessary to add to the CO 2 
absorption the CO 2 evolution (i.e., respiration) of the same 
plant when kept in the dark. Some recent workers have, how- 
ever, suggested that respiration does not occur at all when a 
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plant photosynthesizes, and that the latter process takes over 
the functions of respiration. Only recently has this problem 
been tackled directly (Van Norman and Brown). By supplying 
the plant with atmospheric oxygen containing heavy oxygen 
(0^*) and water with the normal isotope (0^®), it was possible to 
measure respiration directly while photosynthesis was taking 
place. In the case of both barley and the green alga Chlorella, 
light failed to inhibit respiration. 

The total gain in carbohydrate by a plant over a 24-hour 
period depends not only on the measured rate of photosynthesis 
during daylight, but also on the night respiration, since this 
uses up some of the accumulated carbohydrate. Thus the yield 
of a crop may sometimes be markedly increased by lowering 
the night temperature, since this will increase the net assimilate 
per 24-hour period. 

It should be pointed out that besides the ordinary green 
plants, there are bacteria that photosynthesize. They also pos- 
sess chlorophyll and assimilate carbon compounds at the ex- 
pense of CO 2 in the light, but they do not evolve O 2 . In fact, 
they are able to photosynthesize only under anaerobic con- 
ditions. 
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Chapter 16 


OTHER ASPECTS OF METABOLISM 



The process of photosynthesis is responsible for the formation 
of sugars and starch in green plants, respiration (and dark 
carbon assimilation) for the formation of organic acids and 
some related substances. But there are many other substances 
synthesized by the plant. These may be roughly classified as 
follows: 

1. Other carbohydrates 

2. Nitrogen-containing substances 

3. Lipids 

4. Miscellaneous (lignins, glycosides, terpenes, etc.) 

1. Some of the other carbohydrates are closely related to the 
products of photosynthesis and may be formed from the latter 
(perhaps from the hexose phosphates) in the presence of the 
necessary enzymes. The following relationships seem logical; 
though not proved experimentally: 

^'hexoses 

COj+ hexose phospiiates,^—«»’Suctose - 

I starch 
cellulose etc. 

However, the mode of origin of most of the carbohydrates is not 
fully understood. 

2. There are many nitrogen-containing substances in the 
plant, of which the proteins are, of course, of prime importance. 
-When a high-protein seed germinates, there is a rapid disap- 
pearance of protein. Usually one or both of the amides, as- 
paragine and glutamine, account for half or more of the lost 
protein. But along with the amides, some dozen or more amino 
acids have been identified. The exact number that arise is not 
known because of the small quantities in which they usually 
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accumulate. To a large extent they are quickly converted to 
something else, e.g., the amides mentioned above. If the pro- 
teins are hydrolyzed artificially, some 15-20 or more different 
amino acids arise, even in the case of the simplest proteins. 

An understanding of protein breakdown and synthesis there- 
fore depends on a knowledge of amino acid structure and 
synthesis. All the amino acids found in proteins are of the 
a-amino type (i.e., the amino group is on the so-called a-carbon 
atom, which is next to the carboxyl group) : 

ECH-COOH such as CHjNHsCOOH glycine 

NH, CH.CHNHjCOOH alanine, etc. 


Some amino acids have more than one carboxyl group and 
are therefore acidic, others have more than one amino group 
and are basic. Those with one of each group are neutral. In the 
formation of proteins, the amino acids link together as follows : 

El Rj Ri Ri 

NHjCHCOOH +NH,CHCOOOH ►NH,CH-CO-NB-CHCOOH + H,0 

The protein chain therefore has the following make-up: 



Thus the plant must first synthesize amino acids before it 
can make any proteins. One characteristic of the higher plant 
is this ability to synthesize from inorganic nitrogen afl the 
20-odd amino acids necessary for the formation of its proteins. 
Animals, on the other hand, must be supplied with the ten 
essential amino adds, that is, the ten amino acids that they 
are unable to synthesize. The other dozen or so they can syn- 
thesize from these 10. . 

When NOr is used, the plant must first convert it to the 
NHs form before S3aithesizing amino acids. This would seem to 
indicate that the NH4+ form would be a more efficient source 
of N, since respiratory energy must be used to reduce NOs" to 
this form. However, under suitable conditions both forms are 
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equally satisfactory sources of N, and the NOg- form is suitable 
over a larger range of conditions (e.g., over a wider pH range). 

When the NOa” is reduced to NHs, the evidence indicates 
that it quickly combines with organic acids (probably those 
of the Krebs cycle) to form amino acids. Specific enzymes are 
required for these syntheses (aminases, transaminases, etc.). 

In many cases the amino acid synthesis occurs in the roots 
of a plant (e.g., the apple) and the amino acids are translocated 
to the growing shoots, where they are built up to form proteins. 
In other plants (e.g., wheat), however, the inorganic N is trans- 
located directly to the leaves and synthesized there to aniino 
acids and proteins. The synthesis in the roots occurs, of course, 
in the dark. The synthesis in the leaves, on the other hand, may 
occur only in the light, at least in the case of certain plants. 
The tracer work on photosynthesis has, in fact, shown that 
some amino acids are synthesized within about five minutes 
after photosynthesis has started. There is therefore apparently 
a close connection between photosynthesis and amino acid syn- 
thesis in green cells. 

It should be pointed out that although the gross amino acid 
composition of some proteins has been reasonably well worked 
out, there is not a single protein whose actual structure (the 
spacial arrangement of the amino acids) is known. Some of the 
proteins are so-called conjugated -proteins. They consist of a 
protein molecule linked to nonprotein molecules (lipids, carbo- 
hydrates, nucleic acids, etc.). Many other nitrogen-containing 
substances are found in the plant (amines, betaines, alkaloids, 
purines). Many of these appear to be formed from the amino 
acids. 

3. Lipids. Among the fatty substances or lipids, the ones that 
have been investigated the most are the fats (glyceryl esters of 
organic acids) and waxes (alcohol esters of organic acids). Little 
is known of their metabolism. Their synthesis occurs at the 
expense of sugars, and their hydrolysis is followed by the ap- 
pearance of sugars, but how these conversions occur is not 
known. Thus ripening nuts show an increase in fats and a de- 
crease in carbohydrates. A germinating fatty seed shows the 
opposite change. 
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4. Glycosides are commonly found in plants. They_ are 
formed by combination of sugars with a large nuniber of differ- 
ent organic substances found in the plant. The blue and red 
pigments (anthocyanins), and some yellow pigments (flavones) 
are glycosides, as are the tannins. The metabolism of these and 
most other substances found in the plant is little understood 
There are innumerable other substances in the plant, in most 

cases their metabolism is completely unknown. 
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Chapter 17 


GROWTH 


Of all the phases of physiology, growth and development are 
the most complex, since they depend on all the other physio- 
logical processes. It is impossible to understand plant growth 
without a knowledge of the basic facts of cell physiology, trans- 
fer of materials, mineral nutrition, and metabohsm. Besides 
these processes, other factors specific to growth and develop- 
ment must be introduced. Foremost among these are the 
growth substances: hormones, or auxins. The advances made 
in this field during the past three decades are unsurpassed by 
those in any other phase of plant physiology. Yet it must be 
remembered that these substances are essentially switch mecha- 
nisms for turning growth or development on or off. No under- 
standing of the switch can substitute for an understanding of 
the growth mechanism itself. 

The first requirement for an understanding of growth is a 
suitable method of measuring it. When a plant grows, it in- 
creases in size. The ideal method of measuring growth would 
therefore be to determine the volume of the plant or plant part. 
But this is usually difficult to do with any degree of accuracy. 
In the case of growing leaves, the area is more readily deter- 
mined; in the case of stems and roots, a simpler measurement 
is length. The easiest and most accurate measurement, how- 
ever, is usually the weight of the plant or plant part. But this 
leads to some complicating factors. It must be decided, for 
instance, whether fresh or dry weight is a more nearly correct 
■measurement of growth. In the ease of germinating seeds, 
growth occurs rapidly, yet dry weight decreases steadily for 
some time because of rapid loss of reserves. During this period, 
only the fresh weight reveals the amount of growth. The 'same 
is true in the case of a growing tree seedhng in the spring. On 
the other hand, during midsummer when the tree has stopped 
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growing, there is a steady increase in dry weight due to an ac- 
cumulation of reserves. Dry weight can therefore serve as a 
measurement of growth only when it does not include any 
significant changes (increases or decreases) in the plant’s food 
reserves. It is a satisfactory measurement of growth of seedlings 
only if the endosperm or seed leaves are not included. 

The cellular basis of growth 

The mere increase in size of a plant or a plant part is not 
necessarily the result of growth. The first uptake of water by 
dry seeds is purely an imbibition process and may occur equally 
in living and dead seeds. Volume or fresh weight measurements 
in this case would reveal a spurious growth, and increased vol- 
ume is therefore not an adequate definition of growth. Obvi- 
ously, then, growth must be defined in another way, preferably 
on a cellular basis. Since the growth of a plant occurs in regions 
known as meristems, the cellular changes in these tissues should 
throw some light on the process. Three main changes occur in 
meristems; cell division, cell enlargement, and cell differentiation. 
That growth of a plant part may be due to either cell division 
or cell enlargement is shown in Table 22. In this case both 
P and N increased root growth, P due to increased cell division, 
N due mainly to increased cell enlargement. 


Table 22: Gkowth of isolated wheat boots with low and high 
PHOSPHATE AND NiTEATE [After Burstrom] 


Nutrient 
solution 
Low P, low N 
High P, low N 
Low P, high N 


Increase in 
root length 
(mm.) 
13.7 ± 1.7 
25.5 ± 2.0 
25.2 ± 1.3 


Cell length 

w 

177 ± 3 
170 ± 3 
269 ±4 


Increase in 
cell number 
(longitudinally) 
35 + 4 
120 + 5 
51+3 


But it must be realized that even growth due to cell division 
is possible only because the daughter cells enlarge to the size' 
of the mother cell before they again divide. Consequently, the 
growth of a plant or plant part is essentially an increase in size 
due to cell enlargement, provided that this cell enlargement is 
of the so-called plastic or irreversible type, not simply an elastic 
or reversible increase due to increased cell turgor. 


GROWTH 


139 


According to the classical concept of cell growth, the moti- 
vating force is turgor pressure. Yet it is a fact that mature, 

Table 23: Wall pressures op developing cells in the hypocotyl op 
Helianthus seedlings. Maximum bate of cell enlargement in zone 2. 
Beyond this, increasing zone number corresponds to increasing 
MATURITY [After Beck and Andrus] 



Distance from 
cotyledons 

Wall pressure (aim.) 

Zone 

(mm.) 

epidermis 

cortical cells 

1 

0-5 

2.0 

0.235 

2 

5-10 

1.44 

0.210 

3 

10-15 

1.39 

0.120 

4 

15-20 

1.14 

0.120 

5 

20-25 

2.05 

0.42 

6 

25-30 

2.28 


7 

30-35 

2.58 

0.42 


nongrowing cells usually have higher turgor (and wall) pres- 
sures than growing cells (Table 23). There is obviously another 



Fig. 39. Change in elastic stretch of root epidermis during cell elongation. 
Between 10 and 25 hours, the ability to stretch elastically is at a maximum 
(curve 2). During this same period, the growth rate (curve 3) is most rapid. 
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factor that must be considered; the resistance to the force. The 
mature cells have more rigid cell walls, the growing cells stretch 
more readily, and during cell growth the change in the rigidity 
is related to the rate of growth (Fig. 39). Consequently, a small 
turgor pressure is sufl&eient to stretch the walls of young, grow- 
ing cells. But in order for cells to continue growth, other 
changes must also take place. In the simplest cases of cell 
growth there is nothing more than an uptake of water, pro- 
ducing a turgor pressure sufficient to overcome the force of 
attraction between the particles in the cell wall. As a result, 
the wall stretches and becomes thinner, and the osmotic po- 
tential drops due to uptake of water which dilutes the cell con- 
tents. The consequent reduction in osmotic equivalent soon 
brings water uptake (and therefore growth) to a stop. This 
simplest type of growth can be induced by artificial application 
of certain growth substances. Yet under normal conditions, 
cells are able to increase in size more than 15-fold (Fig. 39). 
In these cases, as water enters the cell during enlargement 
(accounting for about 90 per cent of the increase in cell size), 
solutes are also absorbed. In this way the cell maintains a high 
enough osmotic potential and a sufficient turgor pressure to 
stretch its wall (Table 24). 

Besides water and solute absorption, other changes occur 
during cell growth. New wall material must be laid down by 
intussusception, an insertion of new particles between the old 
wall particles that have become separated. Cell thickening by 
apposition (a deposit of new particles on the inner surface of 


Table 24: Growth and solute content op epidermal cells op Helianthus 
ANNU us. Explanation op zones as in Table 23 [After Beck] 



Distance from 

Average cell 

Average equivalent 

Total solutes 


cotyledons 

length 

concentration 

per cell 

Zone 

(mw.) 

(m) 

(moles sucrose) 

(arbitrary units)^ 

1 

2.5 

25.6 

0.270 

7.18 

2 

7.5 

96.1 

0.248 

23.90 

3 

12.5 

144,3 

0.243 

34.60 

4 

17.5 

173,2 

0.228 

39.60 

5 

22.5 

203.6 

0.225 

44.90 

6 

27.5 

212.8 

0.226 

48.00 

7 

32.5 

221.4 

0.226 

50.00 
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the wall) occurs during cell maturation (after enlargement has 
ceased). 

The meristematic cell is filled with cytoplasm and has few 
small vacuoles. As enlargement progresses, the vacuole occupies 
a larger fraction of the cell, and the cytoplasm becomes a thin 
and almost invisible layer around it. This might lead one to 
suspect that no new cytoplasm is formed during cell growth. 
Such is not the case. In spite of the smaller fraction of the cell 
occupied by the cytoplasm, the latter increases as much as 
4-fold in absolute amount (Blank and Frey-Wyssling). 

Thus, though the simplest type of growth involves nothing 
more than a stretching of the wall due to an uptake of water, 
nevertheless under normal conditions the following processes 
all take place : 

1. Absorption of water. 

2. Absorption of solutes, maintaining the osmotic potential 
and turgor pressure practically constant. 

3. Deposit of new wall material within the wall (intussuscep- 
tion). 

4. Formation of new protoplasm (synthesis of proteins, 
phospholipids, etc.). 

Growth is therefore a complex process, involving all or nearly 
all the other physiological processes occurring in the plant. It 
requires large quantities of energy, since absorption of solutes 
is probably active and therefore dependent on respiratory en- 
ergy; and since the syntheses of cell wall and protoplasmic 
substances are endergonic processes. 

Though the above classical concept of cell growth is logical 
enough and is based on considerable sound evidence, recent 
studies indicate that it is not always a true picture of the order 
of events. That cell growth can occur under artificial conditions 
according to the classical concept is easily proved. When potato 
slices are aerated in water their turgor pressure becomes so 
great that the cell walls are stretched beyond their elastic limits 
and a permanent increase in cell volume of as much as 50 per 
cent occurs. But this is not a normally growing tissue. Roots 
grow with such a low turgor pressure (about 1.5 atm. according 
to Burstrom) that the cell wall is not even stretched elastically. 
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let alone plastically. The root cells therefore grow in spite of 
the fact that the turgor pressure is too small to produce growth. 
Instead of being the initiating force in growth, turgor is here 
only a secondary factor. The initial cause of growth must be 
insertion of new material within the cell wall (intussusception), 
leading to increase in the perimeter of the cell. The turgor 
pressure would then serve simply to keep the waU taut, to pre- 
vent it from wrinkling as its perimeter increases. This would 
still be an essential role, for in the absence of turgor pressure, 
the wall particles might soon become too close together to per- 
mit any further intussusception. 

In the case of many types of cells (e.g., development of 
vascular cells from cambial cells), growth appears to be uni- 
form. In others (e.g., elongation of epidermal cells) growth 
seems to be localized at the tips (Frey-Wyssling). The proto- 
plasm penetrates the loose celMose framework in their tips, and 
even moves ahead of it, laying down a new framework as the 
cell elongates. The new cellulose framework is in the form of 
long strands that comprise the weft (parallel to the elongating 
cell). When the extending tip pushes further ahead, the warp 
(the cross strands) is laid down in the wall, reinforcing it. All 
this represents only the formation of the primary wall. The 
secondary wall is later formed by apposition. 

Stages of growth 

The growth of a plant or plant part characteristically passes 
through stages represented by an S-shaped curve (Fig. 40). 
The time during which this occurs has been called by Sachs the 
grand period of growth. Several attempts have been made to 
develop a mathematical expression for the growth curve. 
Blackman assumed that the shape of the curve results from 
the fact that the rate of production of new materials is pro- 
portional to the size of the plant. It has long been recognized 
that when growth results from cell division (and enlargement 
of the daughter cells to the size of the mother cell), each cell 
is replaced by two cells of the same size as the mother cell, and 
this process is repeated, so that there is a geometric progression 
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Fig. 40. Growth (in area) of cucumber leaf. (After Gregory) 


(2, 4, 8, 16, 32, etc.). Blackman applied the compound interest 
formula to explain growth: 

A = ae" 

or in logarithmic form 

loge ~ — rt, or 2.3026 log — = ri 
a a 

where A = final size 

a = initial size 

e = base of natural logarithms 
r — rate of interest (or growth) 
t — time interval 

Thus, if a plant has doubled itself in 10 days, A/a = 2, and 
since loge 2 = 0.69315, the rate of increase, or growth, was 
therefore 

log.. {A fa) 0.69315 q qqqq 

i 10 

or 6.93 per cent per day. If the period of doubling were 5 days, 
the rate would be 13.8 per cent per day. But this constant rate 



144 


GRO\5TH 


of growth can obviously apply only to the straight-line portion 
of the growth curve. 

Robertson assumed that growth is based on a chemical trans- 
formation of assimilated or reserve substances into living proto- 
plasm. As soon as it is formed, the new protoplasm begins to 
participate in these transformations, thus catalyzing its own 
synthesis. Consequently, he applied the formula for monomo- 
lecular, autocatalytic reactions, assuming that a single master 
reaction limits the growth rate. His equation for growth is 

^ = KiA-x) or log - <i) 

where K = empirical constant 

X = size reached in t days from beginning of growth 
A = final size 

ti = time to reach one-half final size 

The curve obtained for this equation resembles the typical 
S-shaped growth curve. But only the simplest growth curves, 
or only portions of the more complex agree with Robertson’s 
equation (Thompson). 

Other formulas have been proposed by various workers, but 
all fail to express adequately the progress of growth, ance they 
do not take into account all the processes and variables in- 
volved. 

Influence of external factors on growth 

Temperature. Growth of higher plants occurs in the range of 
about 0-35°C. Within most of this range, raising the tempera- 
ture 10°C. increases the growth rate 2-3 times. There are three 
temperature zones known as the cardinal points for growth: 

Table 25: Cardinal points (®G.) for growth op different plants 
[After Palladin] 


Plant 

Minimum 

Optimum 

Maximum 

Barley 

5 

29 

38 

White mustard 

0 

21 

28 

Scarlet runner bean 

10 

34 

46 

Maize 

10 

34 

46 

Gourd, squash 

14 

34 

46 
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the minimum, optimum, and maximum. These are not sharp 
temperatures and they vary from species to species (Table 25). 

It should be pointed out that the optimum temperature for 
growth as determined in these tests is not necessarily the opti- 
mum for the general development and yield of the plant. 

Light. Though the growth of higher plants eventually de- 
pends on photosynthesis, nevertheless light is not essential for 
the growth process itself, so long as sufficient quantities of 
organic substances are available. But the kind of growth is 
different when light is absent. In the dark, higher plants show 
a weak, spindly growth known as etiolation. In the case of most 
dicotyledons, the stem is excessively elongated, the leaves are 
underdeveloped. Little differentiation occurs, the tissue remain- 
ing mostly parenchymal. Usually the leaves remain free of 
chlorophyll, and the color is therefore pale yellow. Some non- 
green plants show a sinailar stretching in darkness. Mono- 
cotyledons may show excessive elongation of the first internode 
and normal or excessive leaf development. 

Relatively short, daily exposures to fight prevent etiolation. 
Consequently, fight must retard this excessive growth. An ex- 
treme case is the dwarfing of alpine plants by the intense fight 
they are subjected to. This fight is richer in violet and ultra- 
violet radiations, which appear to have more of a stunting 
effect than other wavelengths. 

In spite of this conamonly observed retardation of growth by 
light, the effect in many cases is just the opposite. Though the 
stems of etiolated plants are excessively long, the leaves may 
fail to grow altogether (e.g., potato sprouts). According to 
Thomson, the primary effect of fight is to occe^eraie growth 
when cells are in the division stage. It is only after cell enlarge- 
ment has progressed to near its normal limit that light retards 
any further excessive enlargement that would occur in the dark. 

Water. Since all growth depends on a hydrostatic turgor 
pressure, a water deficiency will, of course, retard or completely 
stop it. On the other hand, an excess of water may result in an 
abnormal type of growth. Thus, in a saturated atmosphere the 
development of leaves is poor and the differentiation of the 
tissues is retarded. This is undoubtedly due to excessive stretch- 
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ing of the cell walls as a result of the abnormally high turgor 
pressure. Plants adapted to such conditions (e.g., aquatics) 
have low osmotic potentials and therefore cannot develop such 
excessive turgor pressures even when their tissues are saturated. 

Chemical Stimulants and Inhibitors. Even the nutrient salts 
required by plants for normal growth may inhibit growth or 
actually kill the plants if applied in unbalanced solutions. On 
the other hand, they of course stimulate growth when applied 
in suitable quantities and in balanced solutions. Salts of the 
heavy metals (Cu, Pb, Ag, Hg, etc.) are particularly toxic. 
Even the metabohc products of a plant (e.g., oxalic acid) may 
be poisonous when supplied to the protoplasm instead of being 
stored in the vacuole. In very weak doses, many poisons actu- 
ally stimulate growth. Thus phenol is poisonous in 1 :1000 con- 
centration, but stimulates when used in 4-8 :100,000 ; ethyl alco- 
hol checks growth in 25-75:1000, stimulates it in 25-75:100,000 
(Maximov). Mercury compounds used to disinfect seeds some- 
times stimulate growth. The subject of chemical stimulants and 
inhibitors will be returned to later when considering so-called 
growth substances. 

Dormancy and rest period 

Some of the above environmental factors may completely 
stop growth. This is most commonly the case in nature when 
the plant temperature is below the minimum for growth (e.g., 
in winter), or when its water content is too low (e.g., seeds). 
In this state of suspended growth, the plant is said to be dor- 
mant. But even when the environmental conditions are favor- 
able for growth, the plant may still fail to grow because of some 
internal factors. In this state, it is said to be in a rest "period. 
Twigs collected in fall, or newly harvested potato tubers fail 
to grow though the temperature, water, and other environ- 
mental factors are optimum for the growth of twigs and tubers 
not in their rest period. In some cases, part of the plant may 
grow while another part is arrested, for example, in the early 
growth of grasses, the leaves grow but the internodes do not. 
Similarly, lateral buds of trees may be dormant (more correctly 
“at rest”) while the terminal bud is growing. 
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The rest period can be broken by artificial means. Thus 
lateral buds are fdrced by removing the terminal bud. Ether 
treatment (0.5 ml. per liter of air for 24-48 hr.) or warm baths 
(30-35°C for 9-12 hr.) are sometimes effective. These effects 
are believed due to the induction of anaerobic respiration and 
the consequent production of chemicals, such as acetaldehyde 
and ethyl alcohol, that may be able to break the rest period. 
But the effect is purely local; if one branch is treated, only this 
part of the plant will grow. Subjection to low temperatures, 
sometimes accompanied by alternate freezing and thawing, 
may also break the rest period, e.g., in the case of twigs and 
seeds. Thiocyanates and ethylene chlorhydrin are particularly 
effective in breaking the rest period of potato tubers. Light may 
stimulate the germination of some seeds (e.g., Poa, tobacco, 
carrot, Oenothera) and may retard others (e.g., Crataegus). 
In some cases, the rest period of seeds may simply be due to an 
impermeable seed coat. In these and others, excision of the 
embryos may overcome it. 

Internal factors may lead to senescence in plants; the growth 
rate may then decrease and finally stop. This is obviously true 
in the case of a n nual and biennial plants that die at the end of 
their growth cycle even though external factors are still favor- 
able for growth. It has even been maintained (Molisch) that 
vegetatively reproduced plants become senescent and gradu- 
ally lose the vigor of their growth. Consequently, varieties of 
plants that are propagated in this way may eventually die out. 
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Though plants are usually thought of as stationary organ- 
isms, they are capable of many different kinds of movements. 
As in the case of stomatal movement, some, such as the rapid 
folding of the leaves of the sensitive plant when touched, and 
the slower but similar “sleep” movements of other legumes, are 
due to a more or less rapid loss of turgor. Other movements are 
due to differential rates of growth and are therefore much 
slower. Some of the most fundamental facts about growth have 
been discovered by the many investigations of these growth 
movements. It is for this reason that growth movements oc- 
cupy such an important place in plant physiology. 

There are three main types of growth movements: (1) cir- 
cumnutation, (2) tropisms, (3) nastic movements. All or nearly 
all plants show circumnutation. This is a spiral type of growth 
of the plant apex, due to a different rate of growth on opposite 
sides of the growing tip. The more rapid rate of growth travels 
around the tip, which as it grows upward (in the case of the 
stem) must therefore rotate. The cause of this cyclic change in 
rates of growth of cells on different sides of the tip is not known. 

In the case of the other two types of growth movements, the 
environmental factor responsible for the growth difference is 
definitely known and is spoken of as the stimulus. The length 
of time that the plant must be exposed to the stimulus is called 
ihe presentation time, the time for the reaction to occur is the 
reaction time, and the time it takes for the plant to recover its 
original position after the stimulus has been removed is the 
relaxation time. 

In the case of tropisms, the direction of movement shows a 
definite relation toward, away from, or at a definite angle to 
the direction of application of the stimulus. A movement to- 
ward the stimulus is called a positive movement, away from 
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the stimulus, a negative movement. Nastic movements, on the 
other hand, show no definite directional relation to the stimulus. 

Since movements can be caused by different stimuli, the 
name of the movement consists of a prefix which indicates the 
stimulus, and a suffix which states the kind of movement. 
The following tropic movements are known: 

Movement Stimuhis 

Geotropism gravity 

Phototropism light 

Chemotropism chemicals 

Hydrotropism water 

fThigmotropisml 
(Haptotropism J 

Geotropism 

Primary roots are positively geotropic (i.e., bend toward the 
center of the earth), primary stems are negatively geotropic. 
Secondary lateral roots and shoots show a weaker response and 
take up a position at an angle to the gravitational force. They 
are said to be plagiogeotropic as opposed to the primaries which 
are orthogeotropic (parallel to the gravitational force). Lateral 
roots and shoots of a higher order are practically insensitive to 
the stimulus of gravity (apogeotropic). Rhizomes grow hori- 
zontally, that is, they take up a position at right angles to the 
gravitational stimulus and are called diageotropic. The response 
of an organ to the gravitational stimulus may change with the 
stage of development. The peduncle of the poppy bud is posi- 
tively geotropie but it gradually becomes negative as the flower 
opens. A change may also be induced artificially; if the primary 
root or stem tip is cut off, the lateral nearest to the wound be- 
comes orthogeotropic. 

The first sign of a geotropic response occurs a short distance 
back from the apex, except in grasses (and other monocots), in 
which case it occurs at the nodes where the meristems ale 
found. If roots or shoots are decapitated (the apex is removed), 
they fail to show a geotropic response. If, however, they are 
exposed to the stimulus and then decapitated before curvature 
can occur (after the presentation time but before the reaction 
time) the stumps will nevertheless show a geotropic response. 
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Thus the tip is necessary for the perception of the stimulus but 
not for the response. This control of the responses of one part 
of a plant by another part is known as correlation. 

Phototropism 

As a rule, stems are positively phototropic, leaves are plagio- 
phototropic. The majority of roots are insensitive. The peduncle 
oi Jjynaria cymbalaria is positively phototropic when the flower 
opens, negatively phototropic after fertilization. As a result, the 
capsule is pressed into cracks between rocks, where the seed 
may later germinate. 

Etiolated coleoptiles of grasses (e.g., oats) have been most 
used for experimental work on phototropism. As in the case of 
geotropism, it is easily shown that the region of perception and 
the region of response to the light stimulus are not the same. 
The sensitive zone is the first 1 to 1.5 mm. from the tip. 

Phototropism is in accord with what has been said above 
about the retarding effect of light on cell elongation. The dark- 
ened side grows more rapidly and as a result curvature is toward 
the fight. This, however, is a superficial and not uniformly cor- 
rect explanation. 

Other tropisms are similar to the above two but have not 
been studied so thoroughly. 

Nastic movements 

The commonest of these are nyctinastic movements, the day 
and night movements of leaves and flowers. Flower perianths 
and many compound leaves may open during the day and close 
at night. If these are growth movements, they are, of course, 
possible only while the organ is capable of growth. The ampli- 
tude of movement, therefore, decreases with age. But some 
retain the ability to open and close even when mature. This is 
because some nastic movements depend on turgor changes 
rather than growth differences. Families typically showing 
nyctinastic leaf movements are; Leguminosae, Oxalidaceae, 
Euphorbiaceae, Marantaceae. 

Nyctinastic movements may be controlled by temperature, 
light, etc. The perianths of tulip, crocus, and other similar 
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flowers open at a constant temperature when illuminated and 
close when darkened. If, on the other hand, the light is kept 
constant, they open at high temperatures and close at low tem- 
peratures. They are therefore both photonastic and ihermonastic. 
In each case, the opening is the result of a more rapid growth 
of the upper surface (epinasty). Such nastic movements may 
also be caused by the presence of certain substances in small 
quantity. One of the most sensitive tests for ethylene is the 
epinasty of tomato petioles, which occurs if the ethylene is 
present in 1 ;500,000 parts of air. 
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Both geotropie and phototropic reactions are characterized 
by one region of perception and another of response. This phe 
nomenon is known as correlation. It has been conclusively 
shown by various methods that correlation is due to the trans- 
fer of a chemical substance from the region of perception to the 
region of response (Fig. 41). When the coleoptile tips of oat 
seedlings are exposed to light, a substance is released in the tip 
and is translocated downward to the region of response. One 
method of showing this is to cut off the tip after the presenta- 
tion time, place it on agar for a while, then transfer the agar to 
the decapitated coleoptile. Curvature always occurs toward the 
side of the agar that was under the illuminated side of the tip. 

The substances responsible for this correlation are known 
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Fig. 41. Effects of decapitation and replacement of substances from tip 
(in agar blocks) on growth of oat coleoptiles. I, three coleoptiies decapi- 
tated; 11, tips from a and h transferred to agar blocks; III, one block 
placed symmetrically on a, one asymmetrically on 6, none on c; IV, a 
shows straight growth, 6 growth curvature, c no growth. 

variously as growth substances, hormones, auxins, etc. The last 
of these three terms was coined to apply to all substances ca- 
pable of inducing a curvature in the oat coleoptile. The term 
hormone is applied to any substance active in very low concen- 
trations, that is synthesized in one part of an organism and 
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exerts its effect in another part. Since all kinds of effects may 
be involved, there may be many kinds of hormones other than 
those controlling growth. 

Three substances have been isolated from plant material (and 
also from animal material) that are capable of producing this 
curvature. They are auxin a, auxin b (auxin a minus a molecule 
of water), and heteroauxin, or indoleacetic acid. 

heteroauxin (indole- nCHjCOOH 

acetic acid) 

H 

When applied uniformly to decapitated coleoptiles, these 
substances cause increased growth. When applied to one side, 
they cause curvature toward the other side. 

Because of the small amount of auxin in oat coleoptiles, it is 
difficult to prove conclusively which of the above three sub- 
stances is responsible for normal growth. Some workers believe 
it is auxin a or b, others that it is indoleacetic acid, still others 
that it is a combination of both (Larsen). The most recent re- 
sults point to indoleacetic acid as the main natural auxin 
(Bonner and Bandurski). In view of the imcertainty, it is per- 
haps safest tentatively to refer to the substance(s) simply as 
auxin. 

As mentioned above, phototropic curvature is due to a higher 
concentration of auxin on the side of the coleoptile further from 
the light. This may be due either to translocation from the 
illuminated side or to photochemical destruction on this side. 
Geotropism can he similarly explained. The gravitational stim- 
ulus causes a greater concentration of auxin on the lower side. 
But it must be remembered that this causes negative geotro- 
pism in stems, positive in roots. This has been explained by the 
difference in sensitivity of roots and stems to the concentration 
of auxin (Fig. 42). The same concentration (10~® molal) causes 
increased growth of stem cells, decreased growth of root cells. 
All cells may be either stimulated or inhibited, depending on 
the concentration of auxin. Recently, even nastic growth move- 
ments have been shown to be controlled by auxins (Brauner 
and Arslan). 
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This dual effect of auxia gives the plant a switch mechanism 
for turning the growth process on or off. The terminal bud is 
able to prevent the growth of laterals by liberating excess auxin 
to them. In this way buds may be kept in the dormant state. 
Resumption of growth by dormant buds or other organs may 



Fig. 42. Inhibition and acceleration of growth of different organs as a 
function of auxin concentration. (After Thimann) 

result from the formation of an antiauxin in sufficient quantity 
to counteract part of the auxin and bring its effective concen- 
tration into the region of growth stimulation. The same result 
may be brought about by an auxin-destroying enzyme, indole- 
acetic oxidase. On the other hand, if the auxin is present in 
growth-stimulating quantity, the organ may be kept dormant 
by the presence of an antiauxin, for example, in the potato 
tuber (Hemberg) or in seeds (Mayer). The antiauxin in many 
seeds is a substance known as eoumarin. 

Mechanism of auxin action 

In all the cases mentioned above, the effects of auxins on 
growth result from an increased or decreased cell enlargement 
at low or high concentration, respectively. It has long been 
known, however, that auxins may also affect cell division. 
Callus tissue may be formed when indoleacetic acid is applied 
to a cut stem or petiole surface. Similarly, root and fruit initia- 
tion (Fig. 43) is favored by the same substance, and fruit 
abscission can be prevented or induced. Renewed activity of 
cambium and apical meristems in spring seems to be dependent 
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on auxins. Any complete explanation of auxin action must in- 
clude the effects on cell division and cell enlargement. Yet most 

theories have attempted primarily 
to explain the effect on cell enlarge- 
ment. 

This is perhaps understandable, 
since auxins apparently control the 
growth of only those organisms 
that show marked cell enlargement: 
the higher plants. They have no 
known effect on the growth of 
bacteria or fungi. Neither do they 
induce any growth response in 
organisms without cellulose cell 
walls, as for example, animals. 
These facts favor the view that 
auxins alter the cellulose cell walls 
in such a way as to lead to cell 
enlargement. 

As mentioned above, cell enlargement can occur either if the 
force exerted on the cell wall by the turgor pressure is greater 
than the force of attraction between the particles of the cell 
wall, or if particles are inserted into the wall by intussusception. 
In either case, a cell may begin to enlarge as the result of either 
increased turgor pressure or decreased rigidity of the wall, or 
both. It has been amply proved that auxins do not cause any 
increased tm-gor pressure, but they do increase the plasticity of 
the wall. This, then, is one reason for the increased cell enlarge- 
ment. In those cells that enlarge primarily as the result of 
intussusception, auxins must in some way be involved in the 
process. In both cases it is an effect on the wall. 

Such an explanation, however, is by no means complete. The 
mode of action of the auxin on the cell wall is not at all clear. 
It has, however, been shown that auxins markedly affect respi- 
ration rate. Those concentrations of auxin that increase growth 
usually cause increased respiration, those that decrease growth 
usually cause decreased respiration, though there are excep- 
tions, and it now appears that not the total respiration, but 



Fig, 43. Fruit formation in 
squash by treatment with 2% 
idolebutyric acid in lanolin (left) 
as compared with normal fruit 
by pollination (right). (After 
Gustafson; see Skoog) 



GROWTH SUBSTANCES 


157 


only one part of it is of importance as far as auxin is concerned. 
Just how this effect on respiration is linked to the effects on the 
cell wall is impossible, as yet, to say. Perhaps the auxin effect 
on respiration releases the energy needed to break the bonds 
between the micelles of the cell wall, thus both increasing wall 
plasticity and permitting the intussusception of new wall ma- 
terial. 

It should be pointed out that the auxin may be present in the 
plant in different forms. Indoleacetaldehyde may occur, and it 
is active in the same way as indoleacetic acid. But the auxin 
may also be bound in an inactive form, e.g., as a protein-auxin 
complex. Furthermore, one of the amino acids, tryptophane, is 
a precursor of indoleacetic acid and may therefore be converted 
to the latter in the plant. 

Other growth substances have been found in the plant besides 
the aixxins; for example, traumatin is the wound hormone that 
forms at the cut surface of potatoes. Still other substances of a 
hormone nature have been postulated to exist in the plant, as 
will be seen when the development of the plant is discussed. 
There are also growth inhibitors (e.g., coumarin) that, unlike 
the auxins, are unable to stimulate growth at concentrations 
lower than those that cause inhibition. 

Besides the natural growrth substances of the auxin type, 
there are many synthetic substances capable of producing the 
same effects on plant growth. By definition, they are also 
auxins, though not naturally occurring. Examples of these are 
indolebutyric acid, naphthaleneacetic acid, and the new impor- 
tant weed killer 2,4-D(2,4-diGhlorophenoxyacetic acid). Quan- 
titatively, some of these substances are more effective than the 
naturally occurring indoleacetic acid, some are less effective, 
depending on the test that is used; for there are many effects of 
both the natural and the synthetic substances. The substance 
'that is most effective for one, may be least effective for another 
of these plant responses (Avery ef oZ.). 

Naturally occurring substances other than auxins may mark- 
edly affect the growth of plants though present in extremely 
small quantities (Fig. 44). They may therefore also be called 
growth substances, though the effects they produce are differ- 
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ent from the effects of the auxins. It is possible, for instance, to 
cut small pieces of roots from a plant and to grow these excised 
roots indefinitely in a suitable culture medium. This medium 
must, of course, contain all the essential mineral elements, as 
well as a sugar (since the roots do not photosynthesize). But, in 
most cases, it must also contain the substance thiamine (vita- 
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Fig, 44. Effect of adenine sulfate (40, 20, 10, and 0 milligrams per liter) 
on bud formation in tobacco stem segments. (After Skoog and Tsui; see 

Skoog) 


min Bi) in quantities of about 0.1 mg. per liter. In the case of 
some species, the roots also require the vitamins pyridoxine 
(vitamin Be) and nicotinic acid. There are other species (pri- 
marily monocots) whose roots have not as yet shown unlimited 
growth in such cultures, presumably because there are still* 
other unknown growth factors that are missing. Similarly, 
tissues can be cut from apical or cambial meristems and grown 
in suitable culture media, forming so-called callus tissue. In this 
case, it may be necessary to add a mixture of substances of un- 
known composition, such as coconut milk, in order to obtain 
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unlimited growth (van Overbeek). So there must be some essen- 
tial growth substances that have not as yet been discovered. 
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DEVELOPMENT 

The callus tissue that is grown in artificial culture media 
may continue growth indefinitely without forming any special- 
ized, differentiated tissues. It is thus capable of growth without 
development. The normal plant, however, undergoes both 
growth and development. After division and enlargement, the 
cells differentiate. The fertilized egg cell develops into an em- 
bryo, the seed develops into a seedling, the seedling develops 
into a flowering and then a fruiting plant. This may be followed 
by senescence and death. 

It is only in relatively recent times that some of the physio- 
logical factors controlling the development of the plant have 
been discovered. And it is only the development from the vege- 
tative to the reproductive stage that has received much atten- 
tion. 

In the past, several explanations of flowering have been pro- 
posed. At one time temperature was believed to be the sole 
factor. Later, the C:N ratio in the plant was suggested. But 
we now know that several factors operate. 

Photoperiodism 

In 1920 Garner and Allard showed that the flowering of many 
plants could be induced or prevented simply by controlling the 
length of the daylight period. Some plants flowered most rap- 
idly when the day length was about 12 hours or less (short-day 
plants), others when the day length was about 12 hours or more. 
(long-day plants), still others flowered at either day length 
(day^utml plants). All types may occur in any one species, 
frequently producing so-called early (long-day) and late (short- 
day) varieties (Table 26). If the day length is unsuited to flow- 
ering, the plants may remain vegetative indefinitely, or they 

160 


DEVELOPMENT 


161 


may simply take much longer to flower (e.g., Peking and Biloxi, 
Table 26). 

The photoperiodic effect has been found in all kinds of plants, 
herbaceous and woody, annual, biennial, and perennial, and 
recently even in animals. Besides reproduction, it affects many 
other phases of the physiology of the plant (Fig. 45). Trees do 
not enter their rest period in the fall if long days are maintained. 
As a result, they fail to develop frost resistance and are readily 
winter-killed. Biennials remain in the rosette form if subjected 
to short days. Vegetative as well as sexual reproduction is af- 



Fig. 45. Effect of photoperiod on vegetative development (shoot growth 
and branching) in the fiber plant Crotalaria juncea. (After Singh and 
Choudri; see Whyte) 

fected. But the optimum for flowering may be different from 
the optimum for vegetative reproduction. Tuberization of pota- 
toes occurs at shorter day lengths than maximum flowering. 

It must be realized that the photoperiodic effect cannot sub- 
stitute for photosynthesis. Consequently, the optimum day 
length for flowering will not be the optimum for yield in the 
case of short-day plants. In order to obtain maximum yield, 
they must first be grown under a long day to enable the accu- 
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TabijE 26 : Floweking times foe soybean vabieties gbown xjndeh diffebent 
DAYLENGTHS [Adapted from Garner and Allard] 


Time (days) from germination to blossoming 


Day length 

Mandarin 

Peking 

Biloxi 

(hr.) 

(day neutral) 

(short~day) 

(short-day) 

6 

23 

23 

27 

7 

21 

21 

26 

12 

21 

21 

28 

Full daylight 
(12H-15 hr.) 

26 

62 

110 


mulation of reserves and enlargement of the plant. Similarly, 
the temperature factor cannot be ignored (Fig. 46). 

In the case of a long-day plant, flowering can be induced in 
natural short days by lengthening the daylight period with 
weak light. This subsidiary light is far too weak to induce 
photosynthesis. Similarly, long-day plants may be forced to 



Temperature, *C 

Fig. 46. Dependence of critical daylength for flowering on temperature in 
Hyoscyamus niger. (After Lang and Melchers) 

flower in short days by interrupting the dark period with a faw 
minutes of light. This and other evidence has proved that it is 
the dark period that inhibits flowering of long-day plants and 
stimulates flowering of short-day plants. Grafting experiments 
have been particularly effective in proving this (Lang). 
Short-day plants will flower when exposed to long days, pro- 
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vided that they have already been exposed to a sufl&cient num- 
ber of short days. Long-day plants will similarly flower during 
short days, if previously exposed to a sufiicient number of long 
days. This carryover is called the photoperiodic after effect (or 
photoperiodic induction). 

As in the case of growth itself there is strong evidence of a 
hormone control of development (Lang). The response occurs 
in the growing points, yet these do not have to be exposed to 
any particular day length. The region of perception is the leaf, 
and even a single one, if subjected to the necessary day length, 
may induce the growing points to flower. The floral stimulus 
may even be transferred from one plant to another by grafting. 
It is, therefore, generated in the leaf and translocated to the 
growing points. The light is apparently absorbed by a green 
pigment (distinct from chlorophyll) and the energy utilized 
either to synthesize a substance or to destroy one synthesized 
in the dark. Some believe the substance is the same one that 
controls growth (indoleacetic acid) and that it inhibits flower- 
ing. Others conclude that a specific substance (florigen) is in- 
volved. It is interesting to note that flowering has been con- 
trolled recently by several workers with the use of specific 
substances applied to specific plants (Lang). 

In spite of the striking effects of the photoperiod, it is not the 
only factor that controls flowering. Temperature may also be a 
deciding factor. 

Thermoperiodism 

Tomatoes are day-neutral plants under ordinary conditions. 
But their flowering can be controlled by the day and night tem- 
perature. A night temperature of 15°C and a day temperature 
of 26°C are optimum for flowering. If these are changed too 
markedly from the optimum, flowering is reduced or even pre- 
vented. Other plants have shown similar responses. Went has 
called this phenomenon thermoperiodism. 

Vernalization 

Some winter annuals must be sown in fall in order to flower 
the following summer. If spring sown, they either fail to flower 
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the first year, or flower much later than when fall sown. If, 
however, the seed are moistened (with enough water to increase 
their weight about 60 per cent) and kept at 0°G-5°C for about 
a month, they can then be spring sown and will flower at about 
the same time as the fall sown seed. This treatment is known 
as vernalization. After vernalization, they still must be subjected 
to a suitable photoperiod (usually a long day) in order to flower. 

Some biemoials show a similar behavior toward temperature. 

If the young seedlings are exposed to low temperatures (about f 

5°C-10°C in the case of several species), they will subsequently 
flower the first year at a higher temperature, provided that the 
latter temperature is not too high. The actual temperature re- 
quirements vary considerably from species to species. 

The mechanism of the temperature effect has not been 
studied so thoroughly as in the case of photoperiodism. Yet the 
evidence again indicates a hormonal control, and the name 
vernalin has been coined for the unknown substance. Lang sug- 
gests that vernalin is either a precursor of florigen or a catalyzer 
of its formation. 
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